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Abstract
The increase of energy consumption as well as the growth of
the prices of fossil fuels and the need to reduce pollutant emis-
sions strongly stimulate the development of renewable sources
and waste heat recovery. Large scale power generation from re-
newable energy sources or from waste heat recovery inherently
relies on a large number of small size distributed energy sys-
tems. At the moment, the components which can be employed
in those applications still need a large effort to increase their
performances, their efficiencies and to reduce their costs.
The technical aspects, involved in the design of some energy
components, were considered in this thesis. As a matter of fact,
the main aim of this research was the analysis of the effects that
geometric parameters or construction characteristics as well as
operating conditions introduce in the performances of a num-
ber of devices used in solar thermodynamic plants based on
ORC technology. Typical components of this application such
as pumps, condensers and heat exchangers have already been
developed and much of work has been already done, while for
other devices such as solar collectors and volumetric expanders
it is still necessary to further study their behaviour and to im-
prove their performance.
For these reasons two essential components of a micro genera-
i
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tion solar plant were analysed; a compound parabolic collector
(CPC) with evacuated pipe, to investigate the device for the col-
lection of solar energy, and a steam expander, obtained from a
modified Wankel engine, for power production.
The research was based on numerical techniques and CFD sim-
ulations to analyze the physical phenomena that occur during
working conditions of these energy devices. The solar collector
with evacuated pipe was first analyzed with a numerical model
to investigate its transient behaviour, and then, a CFD model
was developed to understand the heat transfer mechanism in-
side the enclosure when the evacuated pipe is not present.
In this context, several CFD studies were focused to investigate
the thermal influence due to the housing of several concentra-
tors in a single panel, considering also the presence of an ex-
ternal barrier and the truncation of the concentrators. In the
end, a series of low cost technical solutions were shown with
the aim to increase the efficiency of the collectors. The research
on the collector was also completed with an experimental appa-
ratus, to evaluate the performances of a CPC concentrator with
an evacuated pipe and validate the numerical simulations.
The studies about the expander were done to assess the influ-
ence of the valves on the performances, combining a CFD anal-
ysis with experimental tests performed using compressed air as
working fluid. The research continued with the development of
a numeric model of the expander, that was calibrated with the
results of the experimental tests, with the aim to evaluate fric-
tion losses as well as other ancillary losses.
Those components can also be used separately in other applica-
tions; as a matter of fact the CPC could be employed to heat a
fluid for industrial or domestic purposes or it could be used for
desalination or for water chemical treatment, while the Wankel
Abstract iii
expander can be employed in other ORC systems using other
renewable sources, such as biomass and geothermal fluids, or
waste heat recovery.
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Chapter 1
General Introduction
In the modern society the economic development is a fac-
tor that depends on many variables including energy policy.
During the last century, the increase of energy consumption
has been linked to social and economic development as shown
in Figure 1.1. During the XX century, energy in industrialized
countries was mainly provided by fossil fuels such as oil, coal
and natural gas, even though in some critical historical periods
renewable energy sources, were also investigated. At the mo-
ment, worldwide, most of the energy production is done with
fossil fuels (81,4%), while renewable sources and nuclear energy
respectively concur to cover 13,8% and 4,8% [1]. The Figure 1.2
shows the energy production from various energy sources, in
two historical periods. This situation highlights the dominance
of fossil fuels but, on the other hand, those sources are finite and
they are not evenly distributed around the world, creating sig-
nificant geopolitical problems. Moreover, an economy based on
exploiting fossil fuels produces pollutant emissions, that may
cause severe environmental problems. In this scenario, the in-
1
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troduction of renewable energy sources to ensure a sustainable
development has become essential. The scope could be reached
by employing alternative systems and designing and managing
in a different way the production as well as the distribution of
electric energy. A solution that could be used to face these prob-
lems is the so called micro-generation, that consists in the use
of decentralized power plants to produce energy. A solution
of this kind could reduce energy transport losses in the grid,
because the electric power is produced near the users. Another
advantage of this technology is represented by the use of renew-
able sources that can contribute to satisfy the energy demand of
small users. The power output of micro-generation applications
is normally below 1 MW and for this reason renewable energy
as well as heat recovery at low temperature represent an oppor-
tunity. On the other hand, low values of the obtained power
request small size components. In the last century a significant
effort was devoted to improving the performance of large scale
power plants and components. Now the same effort should be
concentrated on components for small power plants.
3Figure 1.1: Total primary energy supply from 1971 to 2014 by
fuel (Mtoe)[1]
Figure 1.2: Total primary energy supply from [1]
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Chapter 2
The ORC technology
In this chapter the ORC concept is introduced with the aim
of providing basic aspects of this technology; in particular, the
attention was focused on the characteristics of the expanders
that allow to obtain mechanical power during the expansion
phase.
2.1 The ORC technology
Renewable energy sources as well as waste heat are suitable
to be exploited in small and micro-generation systems. Wind
and hydro energy can only be exploited by converting the ki-
netic energy of air or potential energy of water in specific turbo-
machines. PV systems use a specific property of some materials
to convert solar energy into electricity. Those systems are de-
signed only for a particular application and are not flexible. On
the other hand, thermodynamic cycles, that can exploit different
energetic sources, even those characterized by low temperature,
may be used for different heat sources (solar, biomass, geother-
5
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Nomenclature
c Absolute fluid velocity [m
s
]
l1 Work due to isentropic process [J]
l2 Work due to isochoric process [J]
∆h Difference of enthalpy between inlet and outlet [ J
kg
]
m˙ Mass flow rate [ kg
s
]
u Peripheral rotor velocity [m
s
]
D Characteristic dimension of the expander device [m]
N Rotating speed [rpm]
S Entropy [ J
kg·K ]
T Absolute temperature [K]
N Rotating speed [rpm]
W Mechanical power [W ]
V˙ Volumetric flow rate of the expander device [m
3
s
]
η Efficiency
Subscripts
in Inlet
int Internal
exh Exhaust
iso Isentropic [ W
m2
]
disch Discharge
opt Optimum
s Specific
u Tangential component parallel to the peripheral velocity
1 Upstream
2 Downstream
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mal and waste heat) and in plants with different sizes. If we
restrict the application of thermodynamic cycles, to those with
low heat source temperature and small size, the ORC technol-
ogy is definitely the most interesting. The acronym ORC means
Organic Rankine Cycle and, as a matter of fact, these systems
are characterized by the same thermodynamic transformations
of a classical steam power plant with the difference of using an
organic substance as working fluid. The main characteristic of
an organic fluid is that the value of boiling temperature is lower
than water’s at the same pressure. Moreover, the organic fluids
present different values of critical point and they can be classi-
fied in three categories identified by different shapes of the T-s
diagram, as illustrated in Figure 2.2. In particular, as reported
in literature ([2] [4]), it is possible to distinguish the following
classes of fluids according the slope of vapour curve :
• isentropic fluids identified by a vertical saturation vapor
curve (Figure 2.2 left);
• wet fluids characterized by a negative saturation vapor
curve (Figure 2.2 center);
• dry fluids in which the slope of saturation vapor is posi-
tive (Figure 2.2 right).
For these characteristics, organic fluids can be used to re-
cover energy from low temperature heat sources. As conse-
quence an ORC plant is more suitable to convert heat from biomass,
waste heat recovery, geothermal or solar energy into power.
ORCs can have a power output ranging between a few kW
to some MW [3] and, for this reason, they suitable to develop
micro-generation systems. The enthalpy drop to be converted
in ORC expanders is not high and for this reason few expan-
sion stages are necessary [4]. For every application the organic
8 2. The ORC technology
Figure 2.1: Different classes of T-s diagram for organic fluids
Figure 2.2: Comparison of different diagrams of organic fluids,
from [2]
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fluid can be selected as a function of working conditions and
temperature of the heat source.
2.2 Components of ORC plant
An ORC works as a conventional steam Rankine cycle even
if the operating parameters (pressure and temperature among
the others) are different. Considering the simplest structure of
these plants, the components normally required for the process
are the following:
• a pump;
• a boiler;
• an expander;
• a condenser.
Unlike water steam, using an organic compound as working
fluid allows to simplify the layout of the ORC plant. As a mat-
ter of fact technical solutions, such as reheating or turbine bleed-
ing, are not appropriate for an organic fluid. The efficiency of an
ORC plant can be improved by introducing an internal heat ex-
changer to recover heat of the steam at the exit of the expander
or using superheated steam. Other reasons that contribute to
simplify the layout of the cycle are due to working conditions;
as a matter of fact, depending on the employed fluid, it is pos-
sible to have maximum pressures up to 30 bar, while conven-
tional steam power plant are characterized by much higher and
even supercritical pressures. In the condenser, it is also possible
to use fluids, such as HFC-245fa, HCFC-123 or HFC-134a, that
can condensate at pressures higher than atmospheric making it
easier to prevent infiltration of ambient air [2].
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2.2.1 The concept of boiler for different applica-
tions
Since ORCs can easily use different heat sources, the boiler is
the component that depends on the particular application. The
heating process is related to the way heat is collected from the
exploited source as shown in Figures 2.32.42.5. Considering dif-
ferent renewable energies, it follows that the heating process is
performed in a traditional boiler in the case of biomass, while
for other applications, e.g. waste heat recovery or geothermal
energy, it is represented by a heat exchanger. in the case of solar
energy heating occurs directly in solar collectors.
The use of heat exchangers requires some considerations about
resistance at high temperature and the onset of corrosion; in
most applications, shell & tube exchanger or plate exchanger
are used. In general it is possible to recover heat by two ways:
the first consists in the direct transfer from the source to the
working fluid, while the latter employs an intermediate fluid
that transfers heat from the hot source to the working fluid.
In the applications, usually, the second way is preferred be-
cause, even if it is more complex, it allows to protect the organic
fluid against the high temperatures that could create problems
of chemical stability. Furthermore, the presence of thermal loop
allows to damp the fluctuations of the thermal source and to
improve the controllability of the system. As a conclusion, the
efficiency of an ORC is quite influenced by the technology to
collect thermal energy.
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Figure 2.3: Scheme of a biomass ORC plant, [2]
Figure 2.4: Scheme of a geothermal ORC plant, [2]
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Figure 2.5: Scheme of a solar ORC plant, [2]
2.3 The expansion in the ORC technology
The expansion process represents a critical transformation
in an ORC plant, because the enthalpy of the fluid, due to the
heating process, is converted into mechanical work by means an
expansion device whose performance influences the efficiency
of the thermodynamic cycle. In general the expansion devices,
represented in Figure 2.6, can be divided in two classes:
• dynamic expanders known as turbomachines;
• volumetric expanders also called positive displacement
machines.
The choice of the appropriate device is a function of different
parameters such as working fluid, operating conditions and costs.
The basic working conditions of turbomachines and volumetric
devices are different. As a matter of fact, the work produced
by a volumetric expander is due to the sum of the work
∫
pdv
produced by each thermodynamic transformation during the
operating cycle of the expander, while, on the other hand, the
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work produced by a dynamic expander is proportional to the
peripheral speed.
As a matter of fact turbomachines convert the enthalpy of the
Figure 2.6: Volumetric and dynamic expanders, from [7]
fluid into kinetic energy by means of the nozzles with the con-
sequence that high flow velocities are obtained. In general the
turbine specific work is proportional to the tip speed that is lim-
ited by the strength of materials at the wheel outer diameter, but
the tip speed is approximately constant with the turbine size [3].
For low power output, below 50 kW [8], these design criteria
provide a very high rotational speed of the turbine, often in a
range between 10,000 and 100,000 rpm, requiring a gearbox to
connect the electric generator. Lubrication of turbines is needed
only for bearings, because no contact seals are employed.
The flow in the turbines is continuous and high mass flow rates
can be treated in a small volume because of high velocities.
Generally the classification of turbomachines depends on the
geometry of the flow, that can be axial or radial. A reduced
number of stages is required when an an organic fluid is em-
ployed, because the enthalpy drop is not high [2]. An important
parameter for turbomachines is the speed of sound; as conse-
quence organic fluids feature low values of the speed of sound,
that implies high values for the Mach number and a penalisa-
tion of the efficiency of the expander. In addiction turboma-
chines have high costs. However, these disadvantages are com-
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pensated for medium large/sizes by values of the efficiencies
up to 84% as described by [2] and radial turbines maintain an
acceptable efficiency at partial loads. An alternative solution
is represented by positive displacement expanders that can be
classified in two categories:
• rotative;
• reciprocating.
as summarized in a review published by Imran et al. [8].
The first class includes scroll, screw, vanes devices, while in the
latter reciprocating expanders are included. The main differ-
ence for these devices is represented by the evolution of the
working volume with time. Considering a reciprocating ex-
pander, the same working volume performs different thermo-
dynamic transformations due to the timing; on the other hand,
in the rotary devices different working chambers are present
in the same instant as reported by [2] and a determined cham-
ber becomes another one to perform a thermodynamic process
of the working fluid. The presence of various working cham-
bers allows to perform the suction and the discharge of work-
ing fluid in different zones, limiting thermal losses, but inter-
nal leakages increase. Another difference between reciprocat-
ing and rotary expanders consists in the absence of valves for
the latter, because the timing is imposed by the geometry of the
device.
Generally, depending on the operating conditions, the efficiency
of positive displacement machines can be reduced. In particular
two types of losses, reported in Figure 2.7,can occur:
• under-expansion, that results in a value of the pressure in
the chamber at the end of expansion higher than the value
of the condensing pressure;
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• over-expansion in which the value of the pressure in the
chamber at the end of expansion is lower than the value
of the condensing pressure.
Figure 2.7: Over-expansion (left) and under-expansion (right)
Mathematically, under and over expansion can be evaluated by
means of the analysis of the total expansion work. As a matter
of fact, the total expansion work can be expressed as the sum of
the work obtained in an isentropic expansion and the work pro-
duced by a constant volume expansion [3]. As consequence, it
follows that the term due to the isentropic process is calculated
as:
l1 = hin − hint (2.1)
while the term due to the constant volume process is:
l2 = vin(pint − pexh) (2.2)
In particular, the term l2 is positive for an under-expansion while
it is negative for an over-expansion. As consequence the total
expansion work ltot is the sum of the the terms l1 and l2:
ltot = l1 + l2 (2.3)
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In the end, the internal expansion isentropic efficiency of the
expander can be obtained as suggested in [3]:
ηiso =
l1 + l2
∆hiso
(2.4)
However, in other papers [2] [6], other definitions for the inter-
nal expansion isentropic efficiency are given. In particular, to
compare different expander technologies, it is useful to employ
the more general definition of isentropic efficiency [2] defined
as:
ηiso =
W
m˙(∆hiso)
(2.5)
in which ∆his is the isentropic enthalpy drop.
The behaviour of a volumetric expander can be defined by the
filling factor that considers the contribution of internal leakages
and that is defined as the ratio of the effective mass flow rate
and the mass flow rate theoretically displaced by the expander.
Other types of losses that can occur in volumetric expanders are
due to friction of fluid motion and seals, internal leakages and
heat transfer. A problem, that should be solved when volumet-
ric expanders are employed, is the lubrication, that is satisfied
installing an oil separator in the line. Oil free expanders are
available but their volumetric efficiency is lower because of the
greater tolerances required by the mechanical couplings.
An advantage of volumetric devices is the greater tolerance to
moisture than turbines, that can occur at the end of expansion,
especially when wet fluids are used.
2.3.1 Expanders technologies for ORC cycles
In the following paragraphs, several volumetric expanders
and dynamic expanders employed in the ORC technology are
presented.
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Volumetric expanders
Scroll expander
Figure 2.8: Working conditions for a scroll expander, [2]
A scroll expander, that can be obtained by reversing the op-
eration of a scroll compressor, is an expander device that is com-
posed by two spirals, in which one is fixed while the other is or-
biting as reported in Figure 2.8. In general two types of leakages
occur in a scroll expander as shown in Figure 2.10.
• radial leakages, that are due to the clearance between the
scroll and the plate and that are constant during the oper-
ating conditions;
• flank leakages that occur because of the gap between flanks
and scroll; this leakage is relevant at low speed.
The scroll expander can be compliant or constrained; the first
type needs an external lubrication system, even if it reduces the
leakages. On the other hand, constrained scrolls use low fric-
tion materials to reduce radial leakages [8]. In the literature, the
maximum efficiency for a scroll expander is 0.83 [10], while the
maximum obtained power is 12 kW [9].
Screw expander
The screw expander is a device that consists of two helical
rotors and is characterized by a high rotational speed. If two
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Figure 2.9: Leakages in a scroll expander, [8]
rotors are employed, the machine is a twin screw device, oth-
erwise, if only one rotor is rotating, the machine is a single ex-
pander device.
In general a screw expander covers an output power range be-
tween 1.5 kW and 1 MW , while the isentropic efficiency is be-
tween 0.2 and 0.7 [8]. High precision machining is necessary for
the construction of a screw expander. As a consequence a rela-
tively high cost is needed and sizes less than 10 kW make the
device not competitive, because of the difficulty to reduce leak-
ages. Depending on the lubrication needs, screw expanders can
be unsynchronized or synchronized. The first require a lubri-
cation system during operation that reduces friction and leak-
ages, while the synchronized screw does not need lubrication
because it is less complicated, and it shows higher values of fric-
tion and leakages.
In [8] a review of several applications of screw expander includ-
ing geothermal sources, waste heat recovery as well as solar en-
ergy is reported. In general, as reported in [8], the operating
conditions of screw expander are with a temperature of about
190 ◦ and a pressure of 1.6 MPa; acceptable performance is ob-
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Figure 2.10: Single screw expander on the bottom and twin
screw expander on the top, [8]
tained in the two phase region because the presence of liquid
works as filler between the rotors [8].
Piston expander
Piston expanders are characterized by the presence of a mov-
ing piston that permits the volume variation of the operating
chamber. Piston expanders are currently employed in CHP ap-
plications or in waste heat recovery from internal combustion
engines [11][12] or in CO2 transcritical cycles. The suitable op-
erating conditions for a piston expander are 9 MPa, an operat-
ing temperature between 380 and 560 C◦ and a rotating speed
between 600 and 2200 rpm, while the output power are about 2
kW even if a value of 18 kW was obtained [8].
Depending on the motion of the pistons, different types of ex-
panders were designed as demonstrated by the construction of
reciprocating and rolling piston devices. More specifically, it is
possible to divide reciprocating pistons into radial piston and
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axial piston expanders. In piston devices the inflow and the
Figure 2.11: Reciprocating piston expander on the left and ro-
tating piston expander on the right [8]
outflow are imposed by means of sliding valves, rotary valves
or poppet valves. However, reciprocating types need a primary
and a secondary balancing to reduce noise and to allow smooth
operation.
In the rotary pistons, five kinds of leakages exist [8]:
• a leakage is verified between slide and slide grove;
• a second leakage occurs between end tip of the slide and
cylinder;
• a third leakage is between the rolling piston and the outer
surface and the inner surface of the cylinder;
• a fourth leakage path occurs between the rolling piston
outer surface and the cylinder end covers;
• a fifth leakage path is between the sliding tip and outer
surface of rolling piston.
However, an adequate lubrication can reduce the leakages be-
tween the rotor and the surfaces. In [8], a study on the use of
2.3 The expansion in the ORC technology 21
a rolling piston for low grade heat sources showed a maximum
power of 0.35 kW and isentropic efficiency of 0.4 for a tempera-
ture between 40 and 90C◦.
Vane expander
A rotary vane expander is made of a rotor in which slid-
ing vanes can move in radial direction. In the literature sliding
vanes expanders were employed in ORC applications as well as
CHP plants[8]. These devices are characterized by a high torque
and a high volumetric efficiency, with a simple structure and a
low cost.
Vane expander devices operate at pressures of about 8 MPa
and a temperature of 150 C◦; the output power is up to 2.2 kW
and the highest isentropic efficiency is up to 0.71, because of the
presence of leakage and frictional losses as reported in [8]. As a
matter of fact, internal leakage in a rotary vane occurs between
the rotor and end plates, as well as between vane tips and sta-
tor. Other leakages are in the axial gap between the sides of
vanes and the end plate and between the rotor and stator. In
the end, other leakages are due to the clearances between faces
and vanes as well as the gap on the bottom of vanes [8]. Sliding
vanes devices does not need a gearbox to be connected to the
generator because their rotational speed is normally between
1500 and 3000 rpm. The use of high pressures limit the leakage
because it pushes the vanes to stator cavity, even if an increase
of friction is obtained. If the operating conditions are specified,
it is possible to optimize the number of vanes as well as the sta-
tor length ratio to minimize the power losses at inlet and outlet
ports of the expander.
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Figure 2.12: Vane expander: working principle (left) and com-
ponents (right),[8]
Dynamic expanders
In the dynamic expanders, instead, the components are rep-
resented by a stator, in which some nozzles are arranged, and by
a shaft with a bladed rotor. The rotor is then acted by the high
speed of the steam flow that is obtained by means of nozzles.
However, depending on the geometry of the flow as well as the
way in which the enthalpy drop is produced, several types of
turbines can be obtained. In the literature the use of turbines
as expander for ORCs is well documented and the research is
focused on improving the performance [13]-[18].
Impulse and reaction turbines
In an impulse turbine the enthalpy drop is completely con-
verted into kinetic energy in the nozzles, while in a reaction tur-
bine only a fraction of the enthalpy drop is transformed in the
nozzles and the remaining drop is converted in the blade chan-
nels of the rotor.
As consequence, the high velocities entail high losses, with the
consequence that the efficiency of a stage of an impulse turbine
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is lower than that of a reaction turbine.
On the other hand, in an impulse turbine it is possible to in-
troduce the fluid in the rotor only by means an arc faced to the
rotor (partial admission), because no pressure drop exists across
the rotor. At low sizes, the partial admission allows to increase
the height of the blades thus improving the manufacturing ac-
curacy besides improving the perfromance at partial load [7].
Moreover, the stator case of an impulse turbine is less stressed
because the rotor works at discharge pressure; in addiction, no
thrust on the rotor is produced because of the absence of the
pressure drop, while in a reaction turbine an axial force has to
be balanced by the shaft bearings. If the Euler’s equation is con-
Figure 2.13: Impulse (left) and reaction (right) stage,[8]
sidered [7], from Figure 2.13 it can be obtained that:
∆hblading = u(cu1 − cu2) (2.6)
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and:
∆hblading,impulse = 2u
2 (2.7)
∆hblading,reaction = u
2 (2.8)
Considering that ∆hblading ≈ ∆hiso the optimum peripheral
speed uopt can be obtained as:
uopt,impulse =
∆hiso√
2
(2.9)
for an impulse turbine, and
uopt,reaction = ∆hiso (2.10)
for a reaction turbine. These results highlight that an impulse
turbine requires a lower optimal peripheral speed than a reac-
tion turbine to convert a determined value of ∆hiso. This fact
becomes relevant in the selection of the expander at low sizes to
reduce the peripheral speed [7].
Radial and axial turbines
The flow arrangement in a turbine permits to distinguish
the axial turbine, in which the fluid motion is parallel to the
axis of turbine, or the radial turbine that are characterized by a
radial fluid motion that is perpendicular to the rotating axis. In
both types, the expansion can be divided in the stator and in the
rotor. Considering the Euler’s equation in the form:
∆hblading =
1
2
[(c21 − c22)− (w21 − w22) + (u21 − u22)] (2.11)
it follows that the term ∆hblading is due to the terms of the differ-
ences of absolute velocity, relative velocity and the blade veloc-
ities. In particular, for an axial turbine with short blades, it fol-
lows that the difference of the relative velocity between the inlet
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and the outlet is zero, while if a variation of the blade velocity
is present, such as in radial turbine, the variation of the periph-
eral velocity contributes to the conversion of the enthalpy drop
of the stage. As a consequence, a higher enthalpy drop can be
converted into mechanical work by a radial inflow turbine with-
out the need to reach transonic or supersonic flow as it can be
necessary in axial turbines.
Generally, radial turbines can be divided into:
• radial inflow turbines, in which the inlet of the fluid is
placed external to the rotor and the fluid is expanded through
a series of blades from the outer diameter of the rotor to
the rotating axis;
• Radial outflow turbines, in which the fluid enters in the
centre of the rotor axially and is expanded radially by a
series of blade.
Moreover, the radial inflow turbine can be of two types:
• cantilever;
• mixed.
A disadvantage of the radial outflow turbine is that, for a fixed
enthalpy drop, the circumferential and absolute velocities as
well as the Mach number must be higher than the respective
values of an inflow turbine, because in an outflow turbine the
difference of blade speed between the inlet and the outlet re-
duce the contribution of the other terms in 2.11. In [7] a small
cantilever ”quasi impulse turbine”, in which the magnitude of
the relative velocity was constant between the inlet and the out-
let of the blade, was developed. In this turbine the nozzles were
slightly relieved because of a small amount of reaction; however
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the device could be employed with partial admission even if a
higher rotating speed was required. However, the fluid flow
at the nozzle exit showed lower Mach numbers than the axial
counterpart.
Another model of turbine is represented by the Tesla turbine,
Figure 2.14: Axial and radial turbines,[7]
that is characterized by the absence of blades, and it was studied
for several applications in ORC cycle because of its simplicity
and low costs as reported in [19] and [20].
Figure 2.15: Tesla turbine, from [20] .
2.3.2 Performances of expansion devices
The performances of several expansion devices, can be sum-
marized in specific charts as a function of non-dimensional pa-
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rameters, that are the specific speed Ns and the specific diame-
ter Ds as reported in [8] and illustrated in 2.16
Ns = N
√
V˙
∆h
3
2
(2.12)
Ds =
D ·∆h 14√
V˙
(2.13)
These parameters allow the selection of the expander when op-
erating conditions are known.
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In [8], a comparison of several volumetric expanders, based
on a weightage assessment considering several performances,
was shown. As a result, the screw expander had the best perfor-
mance if compared to the other technologies. The lowest perfor-
mances were found for the vane expander because of the high
values of the friction and leakages. In the middle, between these
two technologies, scroll and piston expanders can be found.
However, the screw expander was found to be suitable for sizes
larger than 25 kW , while below this value the scroll technol-
ogy was preferable because of its low cost, high isentropic effi-
ciency and tolerance to presence of humidity due to two phase
expansion. On the other hand, piston expanders, that showed
large expansion ratio and high isentropic efficiency, suffered
problems due to the presence of humidity and they were also
stressed by vibrations. These issues were reduced in the rolling
piston expander that highlighted low leakages and frictional
losses. The analysis of dynamic expanders, for several appli-
cations, revealed that turbine technology presented the broad-
est application map than other volumetric expander technology
(see Figure 2.17), while in [7], several advantages of turbines
were focused in terms of simplicity, design flexibility and ab-
sence of contact of lubrication system and working fluid.
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Figure 2.17: Produced power range for several expander tech-
nologies in different applications , from [3].
Chapter 3
Solar radiation
The use of solar radiation to heat fluids has been known for
a long time. This source is represented by the Sun that creates
an energy exchange based on radiative heat transfer because of
the emission of electromagnetic waves that carry energy. After
an interaction with matter, the solar radiation is converted into
thermal energy. Solar energy shows different advantages such
as gratuitousness, inexhaustibility, absence of pollutants and it
results evenly distributed. On the other hand, the main dis-
advantage is the low power density, that means low values of
power for units surface and the variability, that is presented as a
function of time, geographic coordinates and atmospheric phe-
nomena. Above the atmosphere, the value of solar radiation is
about 1.4 kW/m2, but the absorption of the atmosphere reduces
this value to a maximum of 1.0 kW/m2 on the Earth’s surface
and the corresponding wavelength band, named short wave ra-
diation, is between 0.3 and 2.5µm [5]. In the last decades several
studies were developed to lead to different applications for this
resource such as solar cooling, solar heating, electric production
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and desalination. In this chapter some basic informations, use-
ful to develop the main topics of this research, will be briefly
introduced.
3.1 Physical laws of solar radiation
In general a radiation is characterized by irradiation that is
expressed by the rate at which radiant energy hits a surface per
unit area of surface. On the other hand it is possible to define
the radiosity as the rate at which radiant energy leaves a surface
per unit area. A conceptual model that is useful to define the
fundamental laws of radiative heat transfer is the blackbody,
that is defined as an ideal source characterized by the following
properties:
• it absorbs every incident radiation regardless of direction
and wavelength;
• the magnitude of emitted radiation is independent of di-
rection.
Generally, radiative heat transfer and therefore also solar radia-
tion are governed by the following physical laws:
• Planck’s law;
• Wien’s law;
• Stefan–Boltzmann’s law.
The Planck’s law 3.1 permits to calculate the emissive power of
the blackbody as a function of temperature and wavelength:
Eblλ(λ, T ) =
C1
λ5 · [exp
(
C2
λT
)
− 1]
(3.1)
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Nomenclature
dav Emissive power [ Wm2 ]
fλ Fraction radiative power
m Air mass [kg]
n Number of day
p pressure [Pa]
z altitude [m]
E Emissive power [ W
m2
]
G Radiation [ W
m2
]
H Monthly average daily radiation [ W
m2
]
I Hourly solar radiation [ W
m2
]
Kt Clearness index
T Absolute temperature [K]
Ps Power [W ]
R Geometric factor
Rsol Solar radius [m]
α Absorptivity
αs Solar altitude [deg]
β Tilt angle [deg]
γ Surface azimuth [deg]
γs Solar azimuth [deg]
δ Declination [deg]
 Emissivity
λ Wavelength
ρe External reflectivity
φ Latitude deg
σ Stephan-Boltzmann constant
τ Transmittivity
θi Angle of incidence
θz Zenith angle
ω Hour angle [deg]
ωs Sunset hour angle [deg]
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Subscript
abs Absorbed radiation
b Beam radiation
bl Blackbody
d Diffuse radiation
o Extraterrestrial radiation [kg]
igr Instant global radiation
n
Direction of a general plane normal to
the direction of radiation
ref Reflected radiation
s General direction
T i Tilted surface
tr Transmitted radiation
λ Wavelength
in which the constants areC1=3.742·108W ·µm4/m2 andC2=1.439·
104 µm ·K. If the Planck’s law 3.1 is differentiated with respect
to λ in which T is kept constant and the result is matched to zero
then the Wien’s law 3.2 is obtained:
(λ · T )max power = 2897.8 µm ·K (3.2)
In the end, the integration of the spectral blackbody emissive
power 3.1 over the entire wavelength spectrum gives the total
blackbody emissive power Eb(T ):
Ebl(T ) =
∞∫
0
Ebλ(λ, T )dλ = σT
4 (3.3)
where σ=5.67 · 10−8 Wm2·K4 is the Stefan–Boltzmann constant.
Sometimes it can be useful to calculate the fraction of radiative
power that is emitted in a range between two extreme values
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of wavelengths λa and λb by means the quantity fλ that is the
spectral blackbody emissive power fraction. The spectral black-
body emissive power fraction is expressed as the ratio of radia-
tive power emitted for wavelengths lower than the fixed wave-
length λ for a temperature T to the total blackbody emissive
power at the same temperature T :
fλ =
λ∫
0
Ebλ(λ
′, T )dλ′
σT 4
(3.4)
In this way, the radiative power that is emitted between the lim-
its λb and λa is found as:
fλbλa(T ) = fλb(T )− fλa(T ) (3.5)
in which fλ is defined as the product (λT ) in the following
Figure 3.1 Considering a blackbody and a real body at same
temperature, it follows that the analysed blackbody shows the
maximum value of emitted radiative power; as a consequence
it is useful to define the emissivity  as the ratio of the radia-
tive power emitted from a real body at a fixed temperature to
the power produced by a blackbody at same temperature. The
equation 3.6 describes the total hemispherical emissivity that
considers the radiation over all wavelengths in all directions:
 =
E(T )
Ebl(T )
(3.6)
Generally, a radiation characterized by an irradiation G can be
reflected, absorbed and transmitted during an interaction with
a surface. As result, it is easy to define the absorptivity (α) as
fraction of the incoming radiation that is absorbed by the sur-
face, the reflectivity (ρ) as the fraction of incoming radiation that
is reflected by the surface and the transmittivity (τ ), i.e. the frac-
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Figure 3.1: Values of fλ expressed as the product (λT ) from [29]
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tion that passes through the surface. Considering these defini-
tions, it is possible to introduce the following relations that con-
sider all directions and all wavelengths:
α =
Gabs
G
(3.7)
ρ =
Gref
G
(3.8)
τ =
Gtr
G
(3.9)
where the terms Gabs, Gref and Gtr indicate the absorbed, re-
flected and transmitted fraction respectively. As consequence,
it follows that:
α+ ρ+ τ = 1 (3.10)
and each terms of the previous relations is between 0 and 1. The
previous properties should be understood as average character-
istics of the surface, but it is possible to define these quantities
considering both a fixed wavelength or a determined direction.
In the applications it is useful to identify opaque surfaces, that
are characterized by τ = 0, because radiation is not able to pass
through them. In the end, the properties of the surface are re-
lated to the emissivity by means of Kierchoff’s law. Generally
the Kierchoff’s law is expressed for a direction s and a wave-
length λ, as:
λ,s(T ) = αλ,s(T ) (3.11)
The previous relation 3.11 can be integrated over all directions
or over all wavelengths to obtain the same quantities indepen-
dent of direction or wavelength. As it will be clarified in the
following lines, The sun can be modeled as a blackbody at the
temperature of 5800 K, and the spectral distribution of the so-
lar radiation presents small differences with respect to an ideal
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black body, as it results from the following Figure 3.2. The great
part of energy emitted by the Sun, belongs to three wavelength:
• visible;
• ultraviolet;
• infrared.
Figure 3.2: Extraterrestrial solar irradiance compared to a black-
body as reported by [23]
3.2 The Sun
The Sun can be assumed as a sphere characterized by a di-
ameter of 1.39 · 109 m, a mass of 2 · 1030 kg and a distance from
the Earth of 1.5 · 1011 m. Its structure, consisting of gaseous
matter, is a balance of forces due to high pressure and gravity.
The sun cannot be treated as a rigid body because each rotation
is completed in 27 days for the equatorial region and about 30
days for the polar regions. The energy radiated by the sun is
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provided in the interior of the sphere by fusion reactions that
transform hydrogen in helium at a temperature of the order of
many millions Kelvin as explained by [22]. This energy is con-
veyed up to the surface at the temperature of 5000 K and then it
is radiated towards the space. The structure of the Sun is char-
acterized by different values of density and temperature that
drop from the core up to the external surface, creating gradi-
ents for these quantities; as introduced before and explained
by [22], the Sun can be characterized by an effective blackbody
temperature about of 5800 K, defined as the temperature of a
blackbody that emits the same amount of energy. However, it
is possible to introduce other effective temperatures to describe
some particular aspect of working conditions (e.g. it is possible
to define the equivalent temperature of blackbody that furnish
the same wavelength for solar radiation; this value is about 6300
K [22]). If an unit surface, that is perpendicular to direction of
Figure 3.3: Structure of the Sun as reported by [23]
solar rays and it is placed outside of atmosphere, is considered,
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it is possible to define the solar constant Gsc as the the power of
solar radiation that is intercepted by this surface at an average
value of distance Sun-Earth. Considering a solar radius Rsol
of 0.695 · 109 m a solar temperature of 5777 K it is possible to
calculate the power emitted by the Sun Ps as:
Ps =
(
4piR2sol
) · (σ · T 4) = 3.83 · 1026 W (3.12)
Introducing an average distance dav between Sun and Earth of
1.495 · 1011 m the value of the solar constant Gsc is obtained as:
Gsc =
Ps
4pid2av
' 1367 W
m2
(3.13)
However this value is characterized by variations of ±3% be-
Figure 3.4: Scheme for the calculus of solar constant by [29]
cause the distance between Sun and Earth is not constant [23].
In order to calculate the radiation Ion , measured on a perpendic-
ular plane normal to the solar ray, for the n th day of the year,
the following formula can be used [23]:
Ion = Gsc
(
1 + 0.033 · cos360n
365
)
W
m2
(3.14)
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For practical purposes, it is useful to describe different types of
solar radiation as suggested by [23]:
• beam radiation : is the radiation that in the path from the
Sun to the Earth’s surface it is not scattered by the atmo-
sphere;
• diffuse radiation : is the radiation that has changed its di-
rections from the Sun to Earth’s surface, because of scat-
tering by the atmosphere;
• total solar radiation: is the sum of the beam and the dif-
fuse radiation and it can be employed to indicate quanti-
ties defined over all wavelengths of the solar spectrum;
• solar irradiance: is the radiative power that is incident for
a determined surface for unit area and is measured in Wm2 ;
These quantities are indicated by the symbol I that can be ac-
companied by the following subscripts:
• b: it means beam radiation;
• d: it represents diffuse radiation;
• o: it refers to the extraterrestrial radiation;
• Ti: it is used for radiation that is collected by a tilted sur-
face;
• n: it indicates the radiation on a plane normal to the direc-
tion of propagation.
3.3 Solar coordinates
The exploiting of solar energy requires to know the position
of the Sun in the sky as a function of geographic position at
42 3. Solar radiation
a determined instant; for this reason it is necessary to intro-
duce solar coordinates. As it is well known, the Earth rotates
about its axis during a period of 24 hours; the extreme points of
the axis located on the Earth’s surface are the North and South
poles. The plane that is perpendicular to the axis and contain-
ing the center of the Earth is the equatorial plane. Considering
a surface located on the ground and characterized by a general
orientation, it is possibile to describe the interaction between ra-
diation and the surface by the use of following coordinates, as
explained by [23]:
• Latitude (φ): is the tilt of the joining line between the point
on the Earth’s surface and the center of the planet mea-
sured with respect to the equatorial plane; the value is be-
tween -90◦ and 90◦ where positive value are for the North;
• Declination (δ): is the angle defined by the position of so-
lar rays at solar noon with respect to the equatorial plane;
• Tilt (β): is the slope of the plane’s surface with respect to
the horizontal;
• Angle of incidence (θi): is the inclination of beam radia-
tion and the normal to the surface;
• Zenith angle (θz): is the angle measured between beam
radiation and the normal to the vertical line and for a zero
value of tilt angle β it coincides with incidence angle θ ;
• Solar altitude (αs): angle between solar rays and the hor-
izontal;
• Solar azimuth (γs): it is the measure of the angle between
south direction and the projection of solar rays on the hor-
izontal; the values for this parameter are between -90◦ and
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90◦ in which positive values are referred to directions to-
wards East, else negative values are for directions towards
West;
• Surface azimuth (γ): it is the angular displacement of the
projection of the normal to the surface on a horizontal
plane with respect to the south direction; if the projection
is oriented toward east, the azimuth is represented by a
positive value, otherwise if the projection is oriented to-
wards west, the azimuth is negative;
• Hour angle (ω): it can be defined as the angular displace-
ment that the Earth has to carry out in order to make coin-
cident the Sun and local meridian; this angle is described
by a positive value in the afternoon hours and it is calcu-
lated as the number of hours from the noon multiplied by
15◦ that is the number of degrees performed during the
Earth’s rotation per hour.
The declination can be obtained by the following formula re-
ported in [23] and due to Cooper (1969):
δ = 23.45
(
sin
360(284 + n)
365
)
(3.15)
The value of n can be read from the table presented in [23] and
reported in Figure 3.5
These variables are related by the following relation 3.16
presented by [23]:
cos θi = sin δ sinφ cosβ
− sin δ cosφ sinβ cos γ
+ cos δcosφ cosω cosβ
+ cos δ sinφ sinβ cos γ cosω
+ cos δ sinβ sin γ sinω
(3.16)
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Figure 3.5: Recommended average days for months and values
of n by months’ from Klein and reported in [23]
Figure 3.6: Solar coordinates as proposed by [23]
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or, in other terms:
cos θi = cos θz cosβ + sin θz sinβ cos(γs − γ) (3.17)
The solar altitude αs is calculated as:
sin(αs) = sin(φ) sin(δ) + cos(φ)cos(δ)cos(ω) (3.18)
and the solar azimuth γs is obtained from the following formula
[23] :
γs = sign(ω)
∣∣∣∣arcos(cos θz sinφ− sin δsinθzcosφ
)∣∣∣∣ (3.19)
in which the quantity sign(ω) means +1 if ω is positive, other-
wise, for negative values of ω, it is equal to -1.
3.4 Methods to calculate solar radiation
Every engineering application based on solar energy requires
to estimate solar radiation to calculate the available energy for a
determined area. The best practice to estimate average incident
solar radiation consists in the use of data, but this methodology
requires the presence of measures that may not be available. In
the literature several methods, described in [23], can be used to
estimate radiation; moreover a review of different models was
proposed by Wong and Chow in [24] while in [25] two meth-
ods were compared. Generally, solar radiation can be calculated
for different intervals to determinate the energy collected over
a specified time, usually an hour or a day. In this chapter two
methods were chosen because they appeared simple and con-
servative.
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Available beam radiation
As well known the air interacts with solar radiation creating
scattering and adsorption phenomena. The total effect causes
a reduction of the value of solar power that reaches the earth
surface. The problem is a function of the wavelength and at-
mospheric conditions; however, with a clear sky it is possible
to define a coefficient of transmission τb for the beam radiation
that is calculated as the ratio between the effective beam radia-
tion normal to the surface Ibn and the solar irradiation Ion :
τb =
Ibn
Ion
(3.20)
Several models were introduced to describe τb under different
assumptions and developing different formulas. An approach
is reported in [23]. In this work the quantity τb was calculated
following [26] as:
τb = 0.5
(
exp(−0.65m(z, αs) + exp(−0.095m(z, αs))
)
(3.21)
in which the quantity m(z, αs) is the air mass that is the ratio of
the mass of atmosphere passed through by the beam radiation
to the mass passed through if the sun were at the zenith [23].
The air mass is calculated as:
m(z, αs) = m(0, αs)
p(z)
p(0)
(3.22)
with p(z) representing the atmospheric pressure measured at
altitude z and p(0) is the atmospheric pressure at sea level [26].
The air mass measured at sea level can be obtained as ([26][23]):
m(0, αs) =
1
sin(αs)
(3.23)
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Available clear-sky diffuse radiation
The other contribution of solar radiation that reaches a hor-
izontal surface is the diffuse radiation. This quantity can be es-
timated by an approach due to Liu and Jordan (1960) that intro-
duced an empirical formula between transmission coefficients
for beam and diffuse radiation for clear days ([23][26]). Diffuse
radiation can be described by a cofficient τd, that it is the ra-
tio of diffuse radiation to the beam radiation above the Earth’s
surface on the horizontal plane.
τd =
Id
Io
= 0.271− 0.294τd (3.24)
in this way it is possible to determine the diffuse irradiation on
the ground Ido as:
Ido = Io sinαsτd (3.25)
Instant global radiation incident on a tilted surface
Sometimes it is useful to calculate the global radiation inci-
dent on a tilted surface to quantify the energy collected by sur-
face. In this case, recalling the previously introduced variables,
it is possible to calculate cos θi by 3.16. The beam radiation Ib
intercepted by the surface, can be obtained as:
Ib = Ibn cos θi (3.26)
The other two contributes are represented by diffuse and re-
flected radiation. If the surface is tilted by an angle β to the hor-
izontal plane, the view factor between the surface and the sky is
expressed as cos2(β2 ). Introducing the assumption of isotropic
sky, according to which the sky is an isotropic source of diffuse
radiation, the diffuse radiation, collected by the surface, is ex-
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pressed as:
Id = Ido cos
2
(
β
2
)
(3.27)
In the end, the quantity of energy, due to beam and diffuse com-
ponents that are reflected by the ground and surrounding envi-
ronment, can be calculated introducing a reflection coefficient
ρe reported in 3.1:
Iref = (Ibn sinαs + Ido)ρe sin
2
(
β
2
)
(3.28)
The instantaneous global radiation Iigr, incident on a surface
tilted of an angle β to the horizontal plane, is calculated as the
sum of previous three components Ib Id Ir as:
Iigr = Ibn cos θi + Ido cos
2
(
β
2
)
+ (Ibn sinαs + Ido)ρe sin
2
(
β
2
)
(3.29)
Surface ρe
Snow 0.75
Water surfaces (high incidence) 0.07
Dirty roads 0.04
Greenwood (in winter) 0.07
Greenwood (in autumn) 0.26
Cement 0.22
Clear buildings 0.6
Dark buildings 0.27
Dry grass 0.2
Green grass 0.26
Table 3.1: Typical values for ρe from [26]
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Average global radiation on a tilted surface
Sometimes it is useful to know the average value of solar
radiation on a tilted surface, even if the integration of instanta-
neous values can be difficult because of the strong variability. A
useful method developed by Liu and Jordan, permits to solve
this question. From meterological data, it is possible to know
the quantity H that represents the monthly average daily ra-
diation on a horizontal plane for the location analyzed. After
the following parameter Kt, called clearness index, can be in-
troduced as:
Kt =
H
Ho
(3.30)
with the term Ho calculated in the following way:
Ho =
24 · 3600Gsc
pi
(
1 + 0.033 cos
360n
365
)
·
(cosφ cos δ sinωs +
piωs
180
sinφ sin δ)
MJ
m2
(3.31)
in which ωs, measured in degrees, is the sunset hour angle ob-
tained as:
ωs = − tanφ tan δ (3.32)
and n is read from Figure 3.5.
Several studies on diffuse radiation conducted by Liu and
Jordan [23], have shown that the ratio Hd
H
is a function of Kt.
In this work, the following correlation 3.33, from [26] and [27],
was employed:
Hd
H
= 1.39− 4.027Kt + 5.531Kt2 − 3.108Kt3 (3.33)
The relationship between the quantity Hd
H
and Kt, as expressed
by 3.33, permits to calculate Hd because the term H is known.
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Generally it is important to introduce a geometric factor R de-
fined as:
R =
total radiation on a tilted surface
total radiation on an horizontal surface
(3.34)
The factor R, as defined by the previous formula 3.34, is pre-
sented in a general way regardless of the kind of radiation an-
alyzed. If the beam radiation on a tilted surface HbT i is the un-
known quantity, the following relation 3.35 permits to determi-
nateRb in order to calculateHbT i. In particular the formula 3.35
is valid for surfaces with γ=0◦ that are tilted toward the equator
in the northern hemisphere [23].
Rb =
HbT i
Hb
=
cos(φ− β)cosδ sinω′s + (pi/180)ω′s sin(φ− β)sinδ
cosφ cos δ sinωs + (pi/180)ωs sinφ sin δ
(3.35)
The parameter ω′s is the sunset hour angle for the oriented sur-
face in the mean day of the investigated month that is found as
the smaller, indicated by the word min, of two terms reported
in the next formula 3.36:
ω′s = min
(
cos−1(− tanφ tan δ)
cos−1(− tan(φ− β) tan δ)
)
(3.36)
The relationships 3.35 and 3.36 are modified if a surface is lo-
cated in the southern hemisphere and it is sloped toward the
equator with γ=180◦; in this case the result is the next:
Rb =
HbT i
Hb
=
cos(φ+ β)cosδ sinω′s + (pi/180)ω
′
s sin(φ+ β)sinδ
cosφ cos δ sinωs + (pi/180)ωs sinφ sin δ
(3.37)
ω′s = min
(
cos−1(− tanφ tan δ)
cos−1(− tan(φ+ β) tan δ)
)
(3.38)
The monthly average daily radiation for the sloped surface can
be determined under the assumption of isotropic sky and ab-
sence of shadow as:
HTi = HbRb +Hd
(
1 + cosβ
2
)
+ ρgH
(
1− cosβ
2
)
(3.39)
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where ρg is reported in in 3.1. If the relation 3.39 is developed,
it becomes:
R =
HTi
H
=
(
1− Hd
H
)
Rb +
Hd
H
(
1 + cosβ
2
)
+ρgH
(
1− cosβ
2
)
(3.40)
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Chapter 4
Conversion technology
for solar energy
Renewable energies can be employed to satisfy the strong
demand of energy. In this approach, a contribution may be
provided by solar energy, since several technologies exploit this
source and show margins for improvement, as reported by [34].
As a consequence it follows that these technologies can com-
pete in several areas with other mature technologies. The main
uses that can be satisfied by the use of solar energy, are heating,
cooling, desalination, water treatment and electrical power pro-
duction. However, regardless of the types of final applications,
all energetic systems for solar energy are characterized by the
presence of one or more structures, named solar collectors, that
collect solar radiation. In general solar collectors can move to
follow the sun’s position on the sky, by rotating about a single
axis or two axes, or can be stationary. Further, solar collectors
can be non concentrating or concentrating. Following [32], in
the first the intercepting area is characterized by the same value
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of the receiving surface of the absorber, while in the latter, the
incoming radiation is intercepted by an appropriate surface that
reflects the radiation onto a receiving surface, characterized by
a smaller area. Concentrating collectors permit to increase the
operating temperature, because of the reduction of the thermal
losses due to reduced area of the absorber [23]. In this chap-
ter, several solar technologies are introduced on the basis of a
bibliographic research to show the actual state of the art.
4.1 Some notes about concentrating col-
lectors
When a concentrating collectors, characterized by an aper-
ture areaAa and a receiving areaAr, is considered, it is possible
to express the concentration ratio C as:
C =
Aa
Ar
(4.1)
Rabl [33] demonstrated that the concentration ratio shows an
upper limit; as a matter of fact, considering a radiative heat
transfer between collector and the sun and employing the sec-
ond law of thermodynamic, he concluded that the upper limit is
a function of the geometry of the concentrator and of half angle
θs.
In particular if a three-dimensional concentrator is investi-
gated, such as a circular shape or a paraboloid, then the maxi-
mum value of the concentrating ratio Cmax is:
Cmax =
1
sin2θs
(4.2)
as expressed in 4.2. For a two-dimensional concentrator, such
as a linear collector, the value of Cmax is the following:
4.1 Some notes about concentrating collectors 55
Nomenclature
A Area [m2]
Aa Aperture area [m2]
Ar Receiving area [m2]
C Concentrating ratio
cp Specific heat at constant pressure [ Jkg·K ]
Fr Heat removal factor
m˙ Mass flow rate of the thermo-fluid vector [ kg
s
]
q Thermal power [ W
m2
]
Ta Ambient temperature [K]
Tc Collector temperature [K]
q Thermal power [ W
m2
]
U Total heat exchange coefficient [ W
m2
]
λ Wavelength [m]
η Thermal efficiency
ηopt Optical efficiency
τ Transmittivity
θs Maximum acceptance half angle [deg]
θc Acceptance half angle [deg]
Subscripts
in Incoming
lost Lost
max Maximum
fl Fluid
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Figure 4.1: Radiative heat transfer from the Sun to the receiving
surface[23]
.
Cmax =
1
sinθs
(4.3)
However another classification of concentrators can be based
on the optical performances; as consequence collectors can be
divided as:
• imaging;
• nonimaging.
In the first category the image of the sun is reproduced on the
absorber even if the quality is very low, while in nonimaging
concentrators the image of the sun is destroyed on the receiver,
because the reflected radiation, that comes from the reflector, is
distributed on the receiver. As reported in [23] concentration
ratios below 10 are typical of non imaging collectors.
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Figure 4.2: Maximum operating temperature for different solar
technology [26]
.
4.2 Production of thermal energy using so-
lar radiation
Solar radiation can be directly converted to heat a fluid em-
ploying a flat plate collector, that is a stationary and non con-
centrating collector. A flat plate collector is constituted by a
box containing a black absorbing surface with welded pipes,
in which the fluid flows. The surface of the box facing the sky,
has a glass cover to limit heat exchange with the environment.
The remaining external surfaces of the box are insulated to limit
heat loss due to convection and conduction. The working mech-
anism of a flat plate collector is based on the greenhouse effect.
As it is well known, over 90 percent of solar radiation is emit-
ted between 0.3 and 3µm and in this range the transmissivity
τ of glass is close to unity; as a consequence, the glass can be
treated as a transparent material. On the other hand, for values
of radiation higher than 3µm , typical of the infrared region, the
transmissivity of glass is very low and it is possible to assume
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the glass as an opaque surface. The selective behaviour of the
glass allows the solar radiation to enter but, at the same time, it
prevents the dissipation of the infrared radiation. In a flat plate
Figure 4.3: The spectral transmittivity for several thickness of
low-iron glass at ambient temperature from [22]
.
collector the incoming solar radiation is introduced through the
glass cover, that absorbs and reflects a small share of the incom-
ing radiation. Inside the box, the radiation is absorbed by the
black plate absorber that increases its temperature and, conse-
quently, it starts to emit infrared radiation that is trapped by
the glass. The amount of the operating temperature reduces the
efficiency of a flat plate collector, because high thermal losses
occur; for this reason, flat plate collectors are employed in prac-
tical applications to heat water up to 80◦C [23][26].
However, the introduction of an evacuated glass tube reduces
thermal heat losses increasing the efficiency, because the pres-
ence of vacuum limits convection. In general, a very low pres-
sure is used to suppress convection, even if conduction still ex-
ists until the mean free path of the molecules is on the order of
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the characteristic length [23]. In the evacuated glass tube, the
receiver is also treated with a selective coat to maximize the ab-
sorption of solar radiation and to limit the radiative heat loss.
An advantage of flat plate collectors is the possibility to exploit
both beam and diffuse radiation; in particular, solar heating is a
valid technology that can be exploited in any populated area to
increase the number of consumers because of benefits such as
reliability and environmental preferences [28]. Solar energy can
Figure 4.4: Scheme of solar flat collector from [32]
.
be also used for cooling systems, as a matter of fact it permits to
substitute the compression of saturated steam with an heating
supply; this is a well suited technology for absorption cycles,
in which the refrigerant is absorbed by a liquid medium to be
compressed in a liquid form. A key element in these cycles is
the working mixture, often composed by ammonia (refrigerant)
and water (medium) or LiBr and water. However some limits
are represented by the operating temperature, usually between
100 and 200 ◦C, that are required to separate ammonia and wa-
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ter [29]. Lower temperatures can used for LiBr/water absorp-
tion chillers but their efficiency becomes lower when tempera-
ture is lowered. As a consequence, to solve this limit, it is nec-
essary to change the chemical composition of the mixing or to
adopt cycles based on a non compression refrigeration. Li and
Sumathy in [30] analyzed several absorption cycles based on a
mixing composed by lithium bromide and water, while in [31]
a solar heating cooling system with latent heat storage was in-
vestigated.
Figure 4.5: Ammonia absorption refrigeration cycle based on
solar energy from [29]
.
4.3 Production of electrical energy using
solar radiation
In general, solar energy can be converted in two different
ways: the first is accomplished by the exploiting of photoelec-
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tric effect as it occurs for the photovoltaic approach, while the
latter, typical of the thermodynamic approach such as solar heat-
ing or solar cooling, consists in the heating of a fluid. In the case
of photovoltaic systems the collected radiation is immediately
converted into electrical energy, whereas the other processes are
based on a thermodynamic cycle.
4.3.1 Photovoltaic systems
The photovoltaic systems convert solar radiation by the pho-
tovoltaic effect; this phenomenon occurs when the solar radia-
tion is adsorbed by a material creating emission of electrons.
In general certain materials, such as semiconductors, show co-
valent bonds in their structure that can be broken by solar ra-
diation. In commercial applications, photovoltaic cells are built
using silicon that is appropriately modified by means of the in-
troduction of impurities such as ions of boron and phospho-
rus; the presence of these different materials permits to create
an electric field that controls the motion of electrons. The atoms
of boron work as traps for free electrons because of their va-
lency is lower than that of silicon; on the other hand the atoms
of phosphorus, characterized by a greater valency than that of
silicon, donate electrons because of their excess of conduction
electrons. A semiconductor doped with atoms of boron is de-
fined as a positive type material and it is called ”p” because
of the presence of traps for the electrons; in the same way a
semiconductor containing atoms of phosphorus is a negative
”n” type material because it is a donor of electrons [21]. Joining
together p and n zones, the inequality of charge in the covalent
bonds of the semiconductor lets the electrons move from the n
zone to p zone with an opposite movement of the holes. The
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motion continues until an electrostatic equilibrium is reached,
creating a stable electric field. In this way, when the solar cell
receives the solar radiation, the energy associated with radia-
tion creates both free electrons and holes located respectively in
the p and n zone of semiconductor. The presence of the electric
field separates these charges and, consequently, a motion is cre-
ated. In particular, the electrons will move to positive area of
the electric field, that is situated in the n junction, while, on the
other hand, the holes will reach the negative area of the elec-
tric field located in the p zone; as final result, a direct current
in the cell is created. Solar cells are connected in series or in
parallel to increase respectively the voltage or the current lev-
els. The connection of several cells creates a module and the
connection of more modules constitutes a panel; a photovoltaic
plant is then obtained joining all the several panels. Generally
photovoltaic plants can be stand alone or grid connected and
usually they are equipped by an inverter; however, in particu-
lar application, photovoltaic plants can be also completed with
a storage. In general, a photovoltaic plant can be connected or
not to an electric grid and Eltawil and Zhao in [37] described
a series of conclusions to avoid problems during the working
conditions of a photovoltaic plant.
Photovoltaic systems
In general the efficiency of a commercial solar cell, made of
monocrystalline silicon, is between 10-14% even if a value of
efficiency of 24.7% was obtained in research applications [35].
However it is expected that cells built with monocrystalline sil-
icon will be employed until a better technology will be intro-
duced [35]. The main aim of the photovoltaic industry is the re-
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duction of costs and the increase of performances of solar cells.
A first step was obtained introducing new techniques to change
the production of silicon; as a matter of fact, the monocrystalline
silicon, currently employed in commercial applications, is ob-
tained by cultivation of a single crystal ingot, but the develop-
ment of new crystallization techniques permit to obtain poly-
crystalline cells. The advantage of polycrystalline silicon is the
possibility of reduction of flaws in the structure of silicon and
a reduction of the manufacturing costs, even if the efficiency is
reduced up to 15% [35]. Moreover, useful results can be reached
developing thin film technology in which the reduction of costs
is obtained reducing the quantity of material; as a matter of fact
the use of sputtering tools permit to deposit a thin film on a
substrate such as steel or glass. The following thin films cells,
useful for commercial applications, are [35]-[36]:
• amorphous silicon cell;
• thin poly-crystalline silicon on a low cost substrate;
• copper indium diselenide/cadmium sulphide hetero-junction
cell;
• cadmium telluride/cadmium sulphide hetero-junction cell.
Other technologies for photovoltaic applications are organic cells
and cells based on nanotechnology [35]-[36]. The first are built
using thin films made of polymers in addition to molecules such
as pentacene, polyphenylene, vinylene and carbon fullerenes,
while the latter are based on a structure of carbon nanotubes.
However the performances are not competitive, as a matter of
fact the highest efficiency for organic cells is 4-5% and 3-4% for
cell constituted by nanotubes. Several studies on photovoltaic
applications were carried out to describe the potential of this
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technology and its limits; Chandel et al. in [38] carried out
a study to investigate the the techno-economic feasibility of a
photovoltaic plant in Jaipur considering the presence of a stor-
age and exploitable surface, while Birne et al. in [39] demon-
strated that the 30% of annual electricity consumption in Seoul
could be covered by distributed photovoltaic plants.
4.3.2 Solar thermoelectric energy plants
Another approach to convert solar radiation in electrical en-
ergy is represented by thermoelectric systems. As it is well
known, thermal conversion of solar energy requires an inter-
mediate fluid that is heated by solar radiation to generated satu-
rated or superheated steam; after the working fluid is employed
in an expansion device to generate the electrical power. In the
applications the expansion occur in turbines for large power
output, while low power values are obtained by means of vol-
umetric expander [3].
In the thermodynamic approach solar radiation is collected by
collectors designed to achieve an increase of the working tem-
perature. The research has developed the following technolo-
gies analyzed in [32], that are based on concentrating collectors
and that require a tracking systems:
• parabolic through;
• compact linear Fresnel reflector;
• dish-Stirling;
• solar-tower.
However, the use of concentration without the need of tracking
system is possible in another solar technology represented by
compound parabolic collector (CPC).
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Parabolic through
In this kind of plants several troughs of parabolic collectors
are connected to create a grid. Solar radiation is collected by
each collector and it is reflected on the circular absorber located
on the focal line to heat an intermediate fluid that flows in the
receiver, after which the collected heat is transferred to water
in a boiler to perform a Rankine/Hirn cycle. In general the op-
erating temperature is about 390 ◦C and the intermediate fluid
is mineral oil. In [40] a solar thermal electric generating sys-
tem with parabolic trough collector was studied considering the
non-linearity of thermal losses and introducing different solar
fields with different absorbers. However, some modifications
are possible: Dersch et al. made a comparison in [41] between
a plant with parabolic trough collectors using molten salts and
another plant, quite similar to Shams One plant, with same solar
technology based on a natural gas fired booster. In these plants,
a tracking system is needed to increase the energy production.
The receiver consists of a tube treated with selective painting to
increase the absorptivity and, to ensure an appropriate optical
performances, it is necessary to take care of the mirror shape,
as indicated in [42]. Typical sizes for these plants are between
30 and 80 MWe, even if Quoilin et al. in [44] proposed a so-
lar plant, based on parabolic trough collectors, coupled with an
ORC engine to obtain a net output power of 3 kWe for rural
electrification purpose.
Compact linear Fresnel reflector
Solar plants based on Fresnel reflector are characterized by
flat mirrors parallel to the ground. The incoming radiation is
reflected by the mirrors and is collected by a receiver. The mir-
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rors can rotate to track the Sun. Fresnel mirrors are less influ-
enced by the wind loads since they are parallel to the ground
respect to the parabolic mirror, even if Fresnel reflectors show
problems of precision. As reported by Kalogirou in [32], the
main advantage of the Fresnel technology consists in the use
of flat or elastically curved mirrors, that results cheaper than
parabolic collectors. El Gharbi et al in [45] compared the perfor-
mances of a Fresnel collector with performances of a parabolic
through collectors, while Hofer et al in [46] tested a small-scale
linear Fresnel collector to generate heat process; in the end in
[47] a prototype, based on Fresnel mirrors, was designed with
the purpose to reduce costs. However Fresnel plants permit to
produce saturated steam at an operating temperature of 270 ◦C;
as result they can be introduced in conventional steam Rankine
cycle.
Dish-Stirling
In this approach a parabolic dish reflects and concentrates
solar radiation into a receiver in which a Stirling cycle is per-
formed to operate an electrical generator obtaining an outlet
power of a few kilowatt. As example in 1985 the McDonnel
Douglas built a dish-Stirling system that could be produce up to
25 kWe, while in [48] a series of experimental plants is reported.
However, solar dishes can be coupled with other engines. As
an example, in [49], a solar dish was used to heat air in a micro
gas turbine and in [50] a Stirling system.
Solar tower
In a solar tower plant, the solar radiation is reflected and
concentrated by many curved mirrors onto a receiver placed
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at the top of a tower to heat an intermediate fluid. In a steam
generator the heat is transferred from the intermediate fluid to
the operating fluid, that is employed in a Rankine cycle. The
challenges in the design of solar tower plants are due to the se-
lection of the best position of thousands of heliostats and the
choice of the appropriate dimensions of the tower and the ab-
sorber [51]; in particular, in [52], a modelling of phenomena due
to heat transfer and fluid dynamics in solar tower receivers was
proposed and in [53] a cavity receiver was proposed to increase
the efficiency of the plant. The operating temperature of the re-
ceiver is between 600 ◦C and 1000 ◦C and molten salts are the
intermediate fluid. In 1982, the first solar tower plant was built
in California, called Solar One, and was able to produce up to 10
MWe using superheated steam at the temperature of 510 ◦C and
pressure of 10.2 MPa. In [54] the effects of a supercritical cycle
in a solar tower plant were investigated comparing a subcritical
plant with two plants characterized by supercritical steam con-
ditions, while transient conditions were investigated by other
authors in [55][56]. However in these plants it is necessary to
introduce a tracking system to keep a constant value of the col-
lected solar energy and to maximize the production. As a result
the cost increases and a high precision of the pointing system is
required.
Tracking system
The description of the previous solar plants introduced the
importance of the tracking system that is necessary to increase
the energetic productions of the plant. However the introduc-
tion of tracking system implies the following consequences:
• additional costs for the mechanism for installation and
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Figure 4.6: Scheme of described solar technology as reported by
[43]
maintenance;
• projection of a moving shadows of the mirror during the
working conditions, that imposes large distance between
mirrors;
• increase of electric consumption due to the presence of
electric actuators to move the mirrors.
Compound Parabolic collector: the CPC technology
As previously summarized, a competitive solar technology
should employ stationary concentrating collectors to maximize
the efficiency and to reduce costs; therefore the respect of these
two conditions to design a cost-effective solar plant is not suit-
able with previous described solar technologies. In this sce-
nario, the characteristics of compound parabolic collector (CPC)
allows to employ a concentrator that operates with medium-
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low concentration ratios without the need to employ a tracking
system. As a matter of fact, a CPC collector is a concentrator in
which the radiation within a defined angular range is absorbed
by the receiver. The values of the angular range 2θc defines the
acceptance angle of the collector, as illustrated in Figure 4.7. In
particular the acceptance angle can be defined as the angular
range in which the intercepted solar radiation is transmitted to
the receiver possibly using reflections and in the absence of mo-
tion of the collector or of other parts [33]. Also the angle θc, de-
fined as the acceptance half-angle as explained in Figure 4.7,is
related to the concentration ratio C of a CPC as:
C =
1
sinθc
(4.4)
CPC concentrators do not need a tracking system because they
can collect the radiation within the acceptance angle employing
two facing parabolas [32] [23]. Moreover CPCs allow to increase
the working temperature. A CPC is a nonimaging concentrator
in which beam and diffuse radiation within the acceptance of
the collector are reflected by two parabolas to be concentrated
on the absorber. The reason is due to the geometrical property
of the parabola to concentrate rays into the focus. The geom-
etry of the concentrator is obtained by two symmetrical tilted
parabolas; each parabola is placed at an appropriate distance
from the axis of the collector to respect the bond due to con-
centration ratio, as explained in Figure 4.7. When two different
parabolas are employed, the CPC is defined as asymmetric.
Sometimes, depending on the adopted concentrating ratio, the
upper extremes of the parabolas become parallel to the axis of
collector reducing the capacity to reflect radiation onto the re-
ceiver; to overcome this problem it is possible to truncate the
concentrator removing the upper part of parabolas, with the
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Figure 4.7: Geometry of a CPC concentrator with flat receiver
(top) and working conditions (bottom) from [57]
.
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consequence to reduce the height and costs even if a little loss
of performances is accepted. The consequence of a truncation
Figure 4.8: Geometry of a truncated CPC concentrator with flat
receiver from [23]
.
consists in a reduction of concentration and in an increase of
acceptance as well as a variation of reflections to intercept the
receiver. The shape of the receiver for a CPC collector can be
flat or circular and Rabl et al. in [58] proposed several shapes of
receivers to reduce thermal losses of the receiver changing the
shape of reflecting surface. However, for the same value of the
concentrating ratio, the height of the collector is different be-
cause the parabolas are calculated using different relations. A
solution to reduce thermal losses consists to install the receiver
into an evacuated glass tube as in flat collector as proposed in
[23] and in [59].
Application of CPCs concentrator
The advantages of CPC collectors, that consist in the possi-
ble absence of a tracking system and in a concentrating ratio,
allow to reduce operating costs of the solar technology and to
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Figure 4.9: Trend of the ratio of aperture to height for truncated
and full CPC collectors as illustated in [23]
.
Figure 4.10: Trend of the number of reflections for truncated and
full CPC collectors as reported in [23]
.
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Figure 4.11: Several shapes of the receiver for CPCs as illus-
trated in [58]
.
increase the working temperature of the receiver. These charac-
teristics can be employed in micro-generation applications cou-
pling CPCs with an ORC. Jing et al in [60] underlined the advan-
tages due to low temperature solar thermal electric generation
using CPCs and an ORC as compared with other possible appli-
cations such as solar energy with steam Rankine cycle. In [61]
different static solar technologies including CPCs and several
working fluids were investigated to optimize an ORC system.
Antonelli et al. in [62] proposed a thermal power plant, shown
in Figure 4.12, that was based on static CPC concentrators and a
Wankel expander showing an analytical model of the CPC evac-
uated tube. Moreover another work, based on the same plant,
was shown in [63] to investigate the annual energy production
considering the influence of thermodynamic cycle parameters
as well as commercial solar tubes, tilt angle and concentrating
ratio. As a result, it was found that the characteristics of solar
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tubes influenced the annual energy production changing also
the optimal thermal cycle conditions and operative parameters.
In addiction it was obtained that a proper choice of concentrat-
ing ratio and of tilt angle maximized the number of operating
hours avoiding a relevant variation of the specific energy pro-
duction.
However CPCs can be employed for other uses such as process
heat application [65], direct steam production [64] [66], water
treatment [67] or to increase the quantity of ultraviolet radiation
to the contamined water [68]. Despite everything, as expressed
in [69], a lot of research can be also developed to design cost-
effective CPC collectors and, in particular, to predict thermal
losses of the receiver.
Figure 4.12: Solar plant for microgeneration applications based
on CPCs concentrators and volumetric expander, from [82]
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4.3.3 Analysis of the efficiency of a solar collector
The global energy balance in steady state of a general solar
collector that heats a fluid is composed by three terms:
• power due to incoming radiation qin;
• global thermal losses qlost due to convective and radiative
heat transfer that are expressed as a function of the tem-
perature of the receiver and of the ambient;
• change of the enthalpy of the intermediate fluid qfl.
The general balance of the solar collector in a steady state is:
qin − qlost = qfl (4.5)
However if the energetic balance of the receiver is carried out, it
is important to introduce an optical efficiency ηopt as expressed
in 4.10 to take into account optical losses due to reflections and
absorption of glasses. As result the term qin can be defined as:
qin = ηoptIA (4.6)
Moreover, the term qlost can be written as shown in 4.7:
qlost = UA(Tc − Ta) (4.7)
In the end, the term qfl results:
qfl = m˙cp(Tout − Tin) (4.8)
Introducing the relations 4.6, 4.7 and 4.8, the Equation 4.5 can
be written in the following form 4.9:
A(ηoptI − U(Tc − Ta)) = m˙cp(Tout − Tin) (4.9)
A difficulty of the Equation 4.9 is due to the knowledge of value
of the average temperature of the collector Tc, that is difficult to
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establish. The problem can be simplified by means of the in-
troduction of the following parameter Fr, named collector heat
removal factor, that is defined as the following quantity 4.10
[75]:
Fr =
m˙cp(Tout − Tin)
A(ηoptI − U(Tin − Ta)) (4.10)
The term Fr is the ratio of the effective heat transfer to the maxi-
mum possible heat transfer [23] and it is equivalent to the effec-
tiveness of a heat exchanger. If a solar collector is considered,
the highest amount of heat from the absorber to the fluid occurs
when the temperature of the whole collector is the same of the
inlet fluid. In this case, the thermal losses of the collector are
minimised because of the lowest possible operating tempera-
ture. In this way, the amount of energy of the intermediate fluid
can be computed as:
m˙cp(Tout − Tin) = Fr ·A(ηoptI − U(Tin − Ta)) (4.11)
that is known as Hottel-Whillier-Bliss equation [75].
In general the efficiency of a solar collector can be calculated as:
η =
∫
qfldt
A
∫
Idt
(4.12)
and, in particular, the instant efficiency can be calculated as:
η =
qfl
IA
= Frηopt − FrU
(
Tin − Ta
I
)
(4.13)
If the term qfl in the 4.5 is put to a null value, it is possible to cal-
culate the stagnation temperature defined as the temperature at
which all solar radiation is totally lost because of heat transfer
due to convection and radiation. As a consequence, the effi-
ciency of the collector is null for a receiver temperature equal to
the stagnation temperature.
Chapter 5
Developments in the
design of CPC
concentrators
The design of a solar plant is aimed to predict the perfor-
mance of the solar devices as carried out in [70] and in [71].
As underlined in the previous chapter and reported in [62] and
[63], CPCs represent suitable concentrators for micro-generation
applications, because of the potential to exploit moderate con-
centration and the possible absence of a tracking system. In this
chapter, the research on CPC is presented; the first step was the
analysis of a CPC concentrator with a commercial evacuated
pipe, while further developments were based on CFD simula-
tions to investigate the internal heat transfer in a CPC collector
without evacuated pipe to reduce operating costs.
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Nomenclature
Aa Area of aperture of collector [m2]
Ai Area exposed to sunlight [m2]
Ar Total area of receiver [m2]
B Parameter of correlation
C Concentration
CPC Compound parabolic collector
g Acceleration due to Earth’s gravity [m
s2
]
GrH Grashof number based on the characteristic height H
I Solar constant [ W
m2
]
H Height of collector [m]
k Thermal conductivity [ W
m·K ]
L Characteristic length of the geometry [m]
m Total number of collectors in the panel
n Exponent of correlation
NuL Nusselt number based on the characteristic length L
Pr Prandtl number
q” Specific thermal heat losses of receiver [ W
m2
]
Q Total thermal heat losses of the receiver [W ]
RaH Rayleigh number calculated respect to H
Ta Temperature of external environment [K]
Tr Temperature of receiver [K]
α Absorbption coefficient of the receiver
αs Solar altitude [deg]
β Volumetric thermal expansion coefficient [ 1
K
]

Ratio between specific thermal heat losses
evaluated for two different types of collector
r Thermal emissivity of the surface
η Thermal efficiency
η′ Slope of the thermal efficiency
ηopt Optical efficiency
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Nomenclature
λ Ratio between Ai and Ar
λr Wavelength
ν Kinematic viscosity [m
2
s
]
ρ Reflection coefficient of the reflector
σ Product of terms independent of temperature of the receiver
σr Stefan Boltzmann constant
τ Transmission coefficient of the glass cover
θt Tilt angle [deg]
θc Acceptance half angle [deg]
ω
Ratio between total thermal heat losses evaluated
for two different types of collectors
Ul
Total convective heat transfer between receiver
and filling air [ W
m2·K ]
Subscripts
c Circular receiver
f Flat receiver
5.1 Investigation of a CPC with commer-
cial evacuated pipe
In the literature several studies regarding the modeling of
CPCs were published. In [72] a theoretical model of a CPC
including thermal heat losses depending on the tilt angle was
presented and in [73] a numerical code was employed to an-
alyze a double tank integrated collector storage with a com-
pound parabolic concentrator. Santos-Gonza´lez et al. in [74] de-
signed a CPC concentrator taking into account heat and fluid-
dynamic phenomena by means a one dimensional numerical
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model. In this section a model of CPC concentrator with a com-
mercial evacuated receiver was developed in L.M.S. AMESim R©.
The model can predict the transient behavior of a CPC collector
for several concentrating ratios as well as fluid friction losses
in the pipes. The evacuated pipe was composed of two circu-
lar glasses separated by a vacuum space. The inner glass was
treated with a selective paint to reduce radiative heat transfer
and to maximize the absorption. A metallic circular fin, cou-
pled with the pipe in which the fluid flows, was then inserted
in the inner glass. The model represented a one single CPC col-
lector with evacuated pipe. The connection of several copies of
the numerical model allowed to simulate a whole solar field in
which the available useful collected heat might be used for any
industrial process at medium-low temperatures, as required in
micro-generation applications.
Figure 5.1: CAD model of the evacuated pipe from [76]
.
5.1.1 Numerical model of a CPC with commercial
evacuated pipe with lumped parameters
The main aim of the investigation was the modeling of sev-
eral parts of the CPC concentrator and of the evacuated pipe,
considering also the behavior of the concentrator for the collec-
tion of solar energy. In particular, the main aspects focused on
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Figure 5.2: Installation of a module of commercial evacuated
pipes for an industrial heating system [77]
.
the modeling were:
• interaction of the solar light with glasses;
• analysis of the convection and radiation inside the collec-
tor as well as of the mass of several structural parts;
• collection of the solar radiation considering the limit due
to acceptance angle.
All these aspects were faced using the components available in
the L.M.S. AMESim R©tool.
The basic idea to model the interaction of solar light with glasses
was based on the greenhouse effect as specified in the section4.2
of the previous chapter.
As a matter of fact for wavelengths between 0.25 and 3 µm the
transmissivity of glass reaches its maximum value that is very
close to unity, while for other wavelengths a null value for the
transmissivity can be assumed. It is possible to assume that all
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incoming radiation passes through the external cover and the
circular glasses pipe to be absorbed by the receiver that heats
the fluid; in this process the operating temperature of the re-
ceiver emits radiative power in the infrared spectrum as stated
by the Wien’s law.
Considering an illuminated evacuated pipe, characterized by
an external exchange area A and with a metallic circular fin, it
was possible to calculate the stagnation temperature. In the cal-
culation, the incoming radiation was amplified by the concen-
trating factor to take into account the use in a CPC concentrator.
However, in order to evaluate conservatively the maximum or-
Figure 5.3: Evacuated pipe employed for the energetic balance
[80]
.
der of the stagnation temperature and to verify the accuracy of
the basic idea, it was necessary to make some assumptions in-
troducing possible values about the heat transfer:
• the control volume is represented by the evacuated pipe
reported in figure 5.3;
• the optical efficiency η0 for a commercial evacuated pipe
is 78% from [78];
• the emissivity  of the coating for infrared wavelength is
0.05 as suggested in [79];
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• the average value of solar radiation I is 850 Wm2 ;
• A value of the concentrating ratio C of 3 is assumed to
investigate the highest values of concentration for micro-
generation applications;
• An external convection heat transfer Ul of 0.3 Wm2k is con-
sidered as suggested in [62];
• the ambient temperature Ta is 300K;
Introducing the previous terms in 4.5, representing the ener-
getic balance in stagnation condition, it was obtained:
ICArη0 − UlAr(T − Ta)− σrrAr(T 4 − T 4a ) = 0 (5.1)
that provided a value for the stagnation temperature of T=897K.
By means the Wien’s law, it resulted that the maximum of the
radiative power was emitted for a wavelength λ=3.2µm which
was related to a value close to zero of spectral transmissivity of
the glass.
As a conclusion, it was assumed that in the numerical model
the incoming radiation was trapped in the concentrator.
The external cover of the collector was modeled using a sub-
model of the thermal library that allowed to calculate the so-
lar power on a planar surface as a function of the solar coor-
dinates, tilt and latitude, considering also the interaction of the
light with glass by means transmissivity, reflection and absorp-
tion.
As suggested in [66], the collector was modeled as a static con-
centrator disposed in the East-West direction to collect energy
by means of solar rays incident to the aperture within accep-
tance angle. For this purpose the submodel was set with the
relations reported in section 3.4 to calculate the instantaneous
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Figure 5.4: Numerical model of CPC in AMESim v.12
.
global radiation incident on a tilted surface, considering also
the influence of concentration:
Iigr = Ibn cos θi +
Ido
C
cos2
(
θ
2
)
+ (Ibn sinαs + Ido)ρe sin
2
(
θ
2
)
(5.2)
C =
Ac
Ar
(5.3)
cos θi = cos θz cos θ + sin θz sin θ cos(γs − γ) (5.4)
In particular, the relation 5.5 was modified multiplying the
term Ido cos2
(
θ
2
)
by the quantity 1C because CPCs collect also
diffuse radiation within in the acceptance angle that is repre-
sented by constant of 1C . The submodel considered also the in-
teraction of the cover with the external environment by means
of the specification of ambient temperature, wind velocity and
coverage area. The simulation of a CPC concentrator required
that the collection of the solar energy occurred when solar rays
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Figure 5.5: Position of the Sun and the concentrator character-
ized by a determined tilt angle
.
were within the acceptance angle; for this purpose it was nec-
essary to define the minimum solar altitude αsmin calculated in
the following way:
αsmin = 90
◦ − (θ + θc) (5.5)
in which values of solar altitude higher than this limit allowed
to collect solar radiation. Moreover, the relation between solar
altitude and hour angle allowed to know the hours in which the
collector could receive the solar radiation.
The model was simulated introducing structural mass of evac-
uated pipe, coverage, reflectors and filling air. The interaction
between the light and reflectors was modeled by means of an
energetic balance performed on the path of solar rays taking
in account an average number of the reflections. Several sub-
models representing convective, conductive and radiative re-
sistances were employed to simulate internal heat transfer con-
sidering proper values obtained from the literature [33] [72].
In particular, in the internal cavity, several radiative exchanges
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were expected between reflectors, cover and external surface of
the evacuated pipe; in the model, the internal air was supposed
transparent to infrared radiation as well as to solar rays. The
convective exchange in the cavity was modeled using convec-
tive resistances between internal air and reflectors as well as
between the evacuated pipe and the cover. The evacuated pipe
was simulated by two masses of glass, representing the exter-
nal and inner circular pipes, and by a single inner copper pipe
that was characterized by thermal and fluid-dynamics aspects.
In particular, the heat transfer between two glasses was mod-
eled by means of radiative and convective resistances, while a
conductive resistance was placed between the inner glass and
the metallic receiver to simulate the thermal conduction. In this
way the solar radiation heated the receiver and the introduction
of a thermal-hydraulic pipe with heat transfer, available in the
code, allowed to cool the receiver with a consequent heating of
the fluid. The use of a thermal-hydraulic pipe with heat trans-
fer allowed also to consider the heat removal factor described
in the previous subsection4.3.3. The effect of sky temperature
was not modeled because it was not relevant in the evaluation
of collector performance, as explained in [23]. In Figure 5.6 all
investigated thermal exchanges are represented.
The numerical model was set to treat a mass flow rate of 120 lh
as specified by several manufacturers; in particular, the effi-
ciency was obtained as the ratio between the useful collected
heat and the incident radiation. The comparison of the simu-
lated efficiency of the numerical model, set for a concentrating
ratio of 2, was compared with an efficiency, evaluated for the
same concentration, that was calculated employing data pro-
vided by a manufacturer, according UNI EN 12975 [81]. The
comparison in Figure 5.7showed an acceptable agreement and
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Figure 5.6: Thermal exchanges in the model of CPC from [82]
.
permitted to validate the model in the same operating condi-
tions specified by the manufacturer [81]. The general inputs of
the model were the ambient temperature, the inlet temperature
of the working fluid and the mass flow rate, while the outputs
were the efficiency and the outlet temperature.
5.1.2 Simulating a solar field
The characteristic of the model permitted to simulate the be-
havior of a solar field for an ORC system for micro-generation
applications as reported in [82]. The solar plant was based em-
ploying a collector constituted by 3 CPC concentrators placed
side-by-side as shown in Figure 5.8; a heating line was built
linking in series 9 concentrators and each array was in paral-
lel with the other as shown in Figures 5.10 and5.9. The heat
transfer fluid was water. In particular, in Figure 5.11 an arrays
of the solar field is represented repeating the CPC model so the
total heat flow rate, that was treated by the solar field, was ob-
tained as the product of mass flow rate of a single array by the
total number of arrays.
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Figure 5.7: Validation of the CPC numerical model for a concen-
trating ratio of 2
.
Figure 5.8: Single collector employed in the solar field, consti-
tuted by 3 CPC concentrators placed side-by-side from [82]
.
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Figure 5.9: CPC solar field layout from [82]
.
Figure 5.10: Arrangement in series of 9 concentrators
.
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Table 5.1: Thermal exchanges in CPC model reported in Fig-
ure 5.6
Radiative exchange
Receiver-external evacuated pipe envelope a
External evacuated pipe-reflector b
Reflector-glass cover c
External evacuated pipe-glass cover d
Glass cover-sky e
Solar radiation input Sr
Convective/conductive exchange
Convection inside the evacuated pipe A
Convection between external evacuated pipe and internal air B
Convection between internal air and glass cover C
Convection between internal air and reflector D
Convection between glass cover and ambient E
Conduction between reflector and insulator F
Conduction between evacuated pipe and receiver Not shown
Convection between receiver and working fluid Not shown
The performances of solar field were simulated employing data
from the historical series for the city of Pisa [83] that reported
ground irradiation and ambient temperature for each hour; par-
ticularly the ambient temperature was a variable required for
the calculation of thermal heat losses of CPCs. The CPC model
was set with a concentrating ratio of 2 to obtain an acceptance of
60◦ and the tilt angle was chosen between 35-50◦ to optimize the
collection of energy; as a matter of fact, values higher than 50◦
were characterized by a low collected energy during the mid-
dle of the day in summer when the solar altitude is maximum,
while, on the other hand, lower values than 35◦ reduced the
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Figure 5.11: Numerical model of CPC solar field from [82]
.
collection of energy during the winter for the lowest values of
solar energy and in other cases such as after sunrise and before
sunset.
Solar data, such as azimuth and solar altitude, were introduced
in the model to calculate the incidence angle considering also
the acceptance to obtain the effective working period of the con-
centrators. The solar field was also modeled taking into ac-
count the mutual shading between several rows of collectors,
by means of a relation between solar altitude and the distance
between rows. The solar plant was designed to provide a max-
imum thermal output power to the ORC plant of 150 kW using
630 concentrators on the 21st of June, whose solar conditions
with clear sky are represented in Figure 5.13 and general re-
sults are shown in Table5.2. The presence of solar field, besides
to simulate the collection of solar energy and to provide use-
ful heat to the facility, influenced the transient behavior of the
facility due to thermal inertia of concentrators, as reported in
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Figure 5.12: Mutual shading of CPC collectors
.
Figure 5.13: Ground radiation in clear sky conditions on the 21st
of June from [82]
.
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Figure 6.23 and Figure 6.24, in which a tilt of 35 ◦ was chosen.
In particular in Figure 6.23 the effect of acceptance angle is
Figure 5.14: Incident radiation within the acceptance angle of
collectors, heat transferred to the working fluid and output
power of the plant from [82]
.
shown by two extreme vertical lines that defined the incident
radiation.
During winter conditions, an increase of the tilt angle up to 45◦
reduced the the minimum solar altitude angle αsmin up to 15◦
as established by equation 5.5, with the consequence to increase
the collected solar radiation.
The structure of the numerical model allowed to consider the
mutual shading between collectors; as result, to limit the ground
occupied surface a mutual shading was accepted, even if the
lowest rows could collect radiation when the solar altitude was
higher than 25◦ as shown in Figure5.12. In presence of mutual
shading, the investigation of the solar plant to provide a maxi-
mum thermal power of 150 kW revealed that 666 concentrators
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Figure 5.15: Heating of the working fluid due to solar radiation
from [82]
Table 5.2: Results fot the 21th of June in ideal conditions
C=2
Collected radiation kWh 2045
Useful heat kWh 1100
Collectors average efficiency % 53.8
Number of concetrators 630
Panels surface m2 186
Ground occupied surface m2 424
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were necessary with a total surface of the panels of 197 m2 and
an occupied area of 656 m2; on the other hand, if the mutual
shading was avoided the ground occupied surface increased up
to 1480m2 with the consequence to reduce the solar field energy
production per unit of occupied ground surface.
The behavior of the solar field in continuative conditions was
analyzed, considering five days of October in Figure 5.17 that
represented different radiation conditions for the closest receivers
to the ground and for the farthest. The presence of a mutual
Figure 5.16: Solar conditions and ambient temperature for five
days of October from [82]
.
shading, that affected some arrays of concentrators, resulted in
a loss of energy with the consequence that these rows were char-
acterized by thermal losses that concurred to reduce inlet tem-
perature of the water in the solar field; as result, the heating
process was slower and the achievement of the design temper-
ature at the outlet of solar field was delayed, or, at limit, it was
not reached.
Consequently, the cooling process was faster because the ther-
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Figure 5.17: Radiation on the collectors for different rows from
[82]
.
mal losses of shaded rows increased the process, as shown at
the beginning of the second day comparing the temperature at
collectors field outlet with the radiation on the collectors for the
same instants of time, as reported in Figures5.18and 5.17.
In the end the solar plant was analyzed reducing the concen-
trating ratio up to 1.25 and consequently the acceptance an-
gle became 106◦. The numerical model was set to take into
account different inertia of the concentrator and another com-
parison with data of a real model with same concentration was
performed as reported in Figure5.19. As result, simulating the
five consecutive days in October, it was necessary to install 1161
concentrators tilted of 45◦ to collect the same maximum ther-
mal power of 150 kW increasing the inertia of the solar field.
For a concentration of 1.25 the mutual shading affected all three
rows of the collector, as represented in Figure5.20, that were
shaded until the solar altitude was higher respectively than 25◦
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Figure 5.18: Temperature of the working fluid for a concentrat-
ing ratio of 1.25 from [82]
.
Figure 5.19: Validation of the CPC numerical model for a con-
centrating ratio of 1.25
.
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Table 5.3: Summary of the results for five consecutive days in
October for two different concentrating ratios
C=1.25 C=2
Tilt angle deg. 45 45
Number of concentrators 1161 666
Collected radiation kWh 5885 5401
Useful heat kWh 2566 2778
Collectors average efficiency % 43.6 51.4
Panels surface m2 321 295
Ground occupied surface m2 711 656
for the lowest row, 15◦ for the intermediate and 5◦ for the high-
est, thwarting the advantage due to the higher acceptance that
consisted in a collection of radiation for a larger number of hours
per day.
Figure 5.20: Mutual shading for a concentrating ratio of 1.25
from [82]
.
The effect of mutual shading increased the thermal losses slow-
ing down the dynamic of solar field and achieving much more
water to fill the a greater number of concentrators. However in
Table5.3 global results for the solar field are described.
The modeling of a CPC concentrator with evacuated pipe based
on a lumped parameter approach showed the necessity to in-
5.2 Analysis of CPCs collectors without evacuated pipe 99
vestigate the heat transfer in the cavity of CPC. In particular,
the presence of an evacuated pipe insulates the receiver with
the consequence that the internal air in the cavity is not heated
and the natural convection is not important.
5.2 Analysis of CPCs collectors without
evacuated pipe
The presence of an evacuated pipe permits to reduce the
heat transfer from the absorber to the environment; however
an evacuate pipe increases the initial costs and it reduces the re-
liability of the CPC collector; as a consequence the design of
CPC reducing costs would represent a suitable development
[86]. In the literature the problem was investigated by several
authors; Eames et al. in [84] analyzed the effect due to baffles in
a CPC non evacuated collectors showing an increase of the ef-
ficiency by means a theoretical and experimental investigation.
Colleares-Pereira in [85] modified a CPC introducing a honey-
comb material in the cover to reduce thermal heat losses even
if they detected problems of durability of the honeycomb due
to stagnation temperature. Later, the same authors in [86] in-
vestigated different efficiency enhancement strategies from the
literature such as:
• reduction of concentrating ratio;
• adoption of inert gases to fill the cavity;
• introduction of baffles to limit natural convection.
In this work a methodology based on a CFD approach was
proposed to estimate thermal heat losses in non evacuated CPC
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to be used in the design phase. The results of this research were
summarized in the paper [87]1. The main aim of the work was
to develop some correlations to quantify the total heat losses
by the receiver and to investigate the contribution of several
parameters such as the shape of receiver as well as operating
conditions.
Previous studies about heat transfer in CPC concentrators
The investigation of heat transfer in a CPC can be related
as a general problem of natural convection and radiative heat
transfer in a cavity. Several studies conducted by Diaz [88]
and Rahman in [89] analyzed the heat transfer due to radia-
tion and natural convection in simple geometrical cavities; in
[90] a two dimensional-numerical analysis regarding transient
natural convection and radiation heat transfer in presence of an
internal heat source was analyzed considering the trend of Nus-
selt number, while Saravanan et al. in [92] investigated the in-
teraction of surface radiation and natural convection in a cavity
containing a thin heated plate placed centrally. Open enclosures
were studied by Hinojosa et al. in [91] with the aim to provide
specifications in the design of receivers for solar concentrators.
Other studies about natural convection from horizontal cylin-
ders were reported in [93] while in [94] flows around disks were
studied by Kobus and results were presented by means dimen-
sionless correlations. An interaction between the shape of the
cavity and a bluff body was studied in [95]. Similar studies were
developed to understand the heat transfer in a solar parabolic
dish receiver as done by Reddy et al. in [96]- [98]and Moghimi
et al. in [99].
1Several parts of the this chapter are reported with permission from [87].
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In particular, several studies focusing on the characteristics of
natural convection and radiation in CPCs were reported by Singh
et al. in [100] concluding that results were unrealistic because
of the assumptions about working conditions were not achiev-
able in real situations [87]. Reichl et al. in [101] analyzed the
heat transfer in a CPC collector comparing experimental and
numerical results to quantify the contribute of each thermal ex-
change.
In this part, a research was developed considering the method-
ologies provided in previous papers, mainly [100] and [101].
The main aim was to determine the correlations to calculate
the heat transfer between the receiver and the external ambient,
considering also the design parameters of the CPC and opera-
tional conditions. However, even if some simplifications were
introduced and the methodology was based on 2D numerical
simulations, the results may be useful to characterize thermal
performance of CPC as demonstrated by the absence of studies
defining the relation between thermal heat losses and design
parameters [87].
Methodology and numerical model
The methodology to investigate thermal losses in a CPC re-
ported in [87], was faced with a CFD approach by means a 2D
numerical model. As a matter of fact, as described in [100]
and [101], a 3D model would be suitable to represent a com-
plete description of the internal flow, however, Reichl et al in
[101] stated that accurate results can be obtained by means 2D
pseudo-transient simulations that require a lower computational
efforts.
The commercial code employed to perform the simulations was
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ANSYS 14. The numerical model of the collector was created
representing a cross section of a CPC and defining the several
parts such as air, insulation, reflectors and cover as shown in
5.22. The mesh was created considering refinements in zone
characterized by strong gradients of the flow, such as near the
receiver and near the boundaries of the cavity, to solve the bound-
ary layer ( y+≤ 1) as suggested by Reichl in [101]. Moreover,
a mesh quality sensitivity check was conducted employing 2D
models with a number of elements between 15000 and 70000 to
control that numerical solutions were grid independent. Some
Figure 5.21: Numerical grids for the investigated CPCs from
[87]
.
components of the model such as reflectors and cover were mod-
eled as lines because of the small thickness and, consequently,
the relative values were introduced in the software settings; in
particular, a value of 1mm was used for reflectors while a value
of 4mm was chosen for the glass cover. Radiative heat transfer
inside the enclosure was analyzed by means of the S2S model,
that was available in the software, as proposed in [101]. The nat-
ural convection was considered enabling buoyancy forces and
k −  model; moreover the interaction between fluid and wall
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was treated using enhanced wall treatment. The air was com-
puted as an incompressible ideal gas, while the physical proper-
ties of solid materials were assumed constant with temperature.
In particular the following materials were chosen:
• glass for coverage;
• aluminium for reflector surface;
• copper for the receiver;
• polystyrene for the thermal insulating.
The boundary conditions, to define the numerical domain, were
represented as mixed radiation and convection conditions re-
spectively for the coverage and for insulation; the incoming ra-
diation was not modeled and its effect was simulated assigning
a specified working temperature of the receiver. The interaction
with the external environment was described by a heat transfer
coefficient of 5 Wm2K and an ambient temperature of 300K. As
described in previous subsection 5.1.1 and in [101], the influ-
ence of sky temperature was not considered because it shows a
limited influence in the evaluation of collector performance.
The calculations were performed with double precision options
enabled in ANSYS 14 code to reduce numerical errors. As fur-
ther option, the coupled algorithm was employed and the body-
force weighted discretization was chosen to analyze the pres-
sure, while a second order upwind discretization was selected
for the other physical quantities. Finally a pseudo-transient for-
mulation and hybrid initialization were adopted to solve the
calculation; the convergence criteria were set up 10e-7 for en-
ergy and up to 10e-4 for the other parameters.
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Characteristics of the investigated CPCs
Two CPCs with different shapes of the receiver were cre-
ated to investigate the contribute due to the geometry of the
absorber. The chosen shapes were the flat and the circular. A
concentrating ratio of 2 was imposed because the aim of the
work was the study of concentrators for micro-generation; the
main geometrical characteristics of the analyzed concentrator
are reported in Table 5.4. A unit axial depth was fixed in the
models and the thickness of the insulating was proportional to
the illuminated area of the receiver in the cross-sectional area.
These considerations allowed to represent two collectors in the
same conditions. In the concentrator with circular receiver a
corner radius of 1 mm was employed to join the two parabo-
las. The tilt angle, measured with reference to the ground, was
set between 35 and 50 degrees to maximize the annual collected
energy. Several simulations were performed imposing a tem-
perature of the receiver between the ambient temperature Ta
and 473 K that was a value under the stagnation temperature,
evaluated at the highest incident radiation of 1000 Wm2 , which
was 500 K for a concentration ratio of 1.25, and 700 K with a
concentration ratio of 3 [87].
Basic aspects of the CPC thermal heat losses
As introduced in the previous subsection 4.3.3 the efficiency
of collector can be expressed as:
η = ηopt − Q
IAa
(5.6)
The optical efficiency can be calculated considering the average
number of reflections according the graph 4.10 reported in pre-
vious chapter. However, in this research, a simplified approach
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to evaluate the optical efficiency was chosen, because the main
aim was the investigation of the thermal behavior inside the en-
closure. By means of a balance of solar radiation in the cavity,
the optical efficiencies for two types of concentrators were cal-
culated as:
ηoptf = τα
(
ρ+
1
C
(1− ρ)
)
ηoptc = τα
(
ρ+
1
piC
(1− ρ)
)
(5.7)
and considering the following values α=0.95, τ=0.95 and ρ=0.95
it was possible to obtain a value of 0.88 and 0.86 respectively for
ηoptf and ηoptc .
In the followed methodology, the CFD simulations were per-
formed to calculate the total and radiative heat flux on the re-
ceiver per square meter. Thereafter, considering the difference
of temperature between external environment and receiver, it
was possible to express the heat transfer coefficient on the re-
ceiver. The value of heat transfer coefficient was employed to
calculate the Nusselt number by means the introduction of an
opportune characteristic length. However, in order to obtain a
description of the thermal heat exchange in the cavity and the
design parameter of the analyzed concentrator, the definition of
the Grashof number was modified in the following way:
GrH =
βgH3 cos θt(Tr − Ta)
ν2
(5.8)
in which all fluid properties were evaluated at film temperature
to obtain the dimensionless quantities. The aim of the research
was to calculate two constants B and n to obtain a correlation
based on the following form:
NuL = B(PrGrH)
n = B(RaH)
n (5.9)
As a consequence, the equation 5.9 considered the thermal ef-
fects due to convection and radiation in the CPC enclosure, even
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if it remained valid up to temperatures in which the contribute
of radiation was not important. Considering the trend of the
correlation from the obtained results, it was noted that B and n
were practically constant up to a receiver temperature of 393 K.
If the several terms in equation 5.9 were explicit, it was possible
to express total thermal heat losses as:
Q =
k
L
B(RaH)
nAr(Tr − Ta) (5.10)
and carrying on in the development it was possible to write the
efficiency of the collector in the following way:
η = ηopt − BkAr
LAaI
(
2gcosθtH
3Pr
ν2
)n
(Tr − Ta)n+1
(Tr + Ta)n
(5.11)
in which the expansion coefficient β was the reciprocal of film
temperature. If the equation 5.11 was differentiated with re-
spect to Tr and considering all properties constant with tem-
perature, the following result was obtained:
dη
dTr
= η′ = −σ
(
2nTa
Tr + Ta
+ 1
)(
Tr − Ta
Tr + Ta
)n
(5.12)
in which:
σ =
BkAr
LAaI
(
2gcosθtH
3Pr
ν2
)n
(5.13)
As shown experimentally in literature, the non linear trend of
the slope of the efficiency with the temperature of receiver (re-
ported also in the following Figure 5.25) was explained by equa-
tion5.12. Moreover, considering that relation 5.9 was valid in a
range of temperature between Ta=300K and Tr=393K, it was
possible to conclude that for the upper values of this range the
slope was less dependent on the temperature of receiver; at the
limit, for very large temperatures, η′ was characterized by an
asymptotic value [87]:
lim
Tr→∞
η′ = −σ (5.14)
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Table 5.4: Geometric features of the investigated geometries
from [87]
Receiver Flat Circular
Characteristic size Width Diameter
L (m) 0.047 0.015
Aa (m
2) 0.1 0.1
H (m) 0.130 0.096
λ 0.42 1
e.g. the slope of efficiency is defined by a negative constant
value.
It was also useful to introduce a parameter λ in the following
way:
λ =
Ai
Ar
(5.15)
to take into account the fraction of illuminated area with respect
to the total area of the receiver; in particular, for a circular re-
ceiver the illuminated area and the total area were the same so
λc=1 while for the flat receiver it was obtained that λf <0.5 as
shown in Figure 5.2. The introduction of λ allowed to write σ in
the following form:
σ =
Bk
ILCλ
(
2gcosθtH
3Pr
ν2
)n
(5.16)
showing the variation of the efficiency was a function of several
designing parameters such as λ andC and operating conditions
represented by the tilt angle and solar radiation.
Analysis of the results
The presence of two collectors with same concentration, same
thickness of the insulating and same illuminated area, but with
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Figure 5.22: Scheme of flat receiver (left): the surface number 3
is the illuminated area Ai, while the union of all surfaces from
1 to 8 represents the total area of receiver Ar. For a circular ge-
ometry (right) the illuminated area and the total area coincide,
from [87]
.
different absorber shape suggested to investigate thermal per-
formances; the values of specific and total thermal heat losses
are shown in Figure 5.23. As a consequence, using the equa-
tion 5.10, it was possible to express the ratio involving specific
and total thermal heat losses by means two quantities  and ω
defined as:
 =
q′′c
q′′f
=
hc
hf
=
Bc
Bf
Lf
Lc
(
Hc
Hf
)3nf
RaHc
nc−nf (5.17)
ω =
Qc
Qf
= 
λf
λc
(5.18)
As shown on the left of Figure 5.24 a quantity greater than unity
was obtained for  for all tilt angles, while the parameter ω was
lower than unity and it was influenced by the total surface of
receivers represented by the ratio between λf and λc, as shown
at right in Figure 5.24. In particular the effect of λfλc proved to be
prevailing on .
In the investigated temperature range, both cases presented val-
ues of RaH of the same order of magnitude. In the compari-
son specific thermal heat losses were larger for circular receiver,
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Figure 5.23: Values of specific (top) and total (bottom) thermal
losses in function of the temperature of receiver from 300 K up
to 473 K for two CPCs with same illuminated area, from [87]
.
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Figure 5.24: Trend of the quantities  and ω calculated by corre-
lation and CFD for a tilt of 50 degrees in the validity range of
the correlation as reported in [87]
.
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while the total heat losses were larger for the flat geometry, as
illustrated in Figure 5.23. Due to the higher optical efficiency,
the flat absorber performance was considered better than circu-
lar for temperatures below 340 K. Above this value, the circu-
lar shape was to be preferred. These results are summarized in
Figure 5.25, which shows the efficiency and its derivative with
respect to Tr as a function of Tr.
Moreover, an investigation revealed that convection was in-
fluenced by tilt angle; as a matter of fact an increase of the in-
clination made the internal air more unstable, entailing a larger
spread of the thermal loop and showing different shapes of stream-
lines. The variation was more relevant for the flat receiver and
it was represented by a variation of parametersB and nwith tilt
angle as reported in table 5.5; in this case, the specific thermal
heat losses were more influenced by tilt angle. From Figure 5.27
to Figure 5.30 the shape of isotherms and streamline is reported.
Near the receiver both cases presented a plume structure sim-
ilar for both angles. The contribution of convection and radia-
tive heat transfer was different for the investigated concentra-
tors. As a matter of fact, as shown in Figure 5.26, the circular
absorber exchanged heat with surrounding air mainly by con-
vection, while the flat receiver was characterized by a higher
percentage of heat exchanged by radiation. The reason was due
to both different shapes of the enclosures and different shapes
of the absorbers, which entailed different values of view fac-
tors. The percentage of heat exchanged by convection reached
a maximum value for a temperature of the receiver common to
both geometries.
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Figure 5.25: Thermal efficiency of flat and circular receiver cal-
culated by CFD and by correlations (left) and its derivative
(right), from [87]
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Figure 5.26: Percentage of heat exchanged by convection for the
investigated concentrators for different tilt angles, from [87]
Table 5.5: Values of parameters B and n for flat receiver (top)
and for circular receiver (down) from [87]
θt [deg] B n
35 0.58 0.131 5 · 105 < RaH < 8.2 · 106
40 0.60 0.13 4.7 · 105 < RaH < 7.6 · 106
45 0.63 0.128 4.3 · 105 < RaH < 7 · 106
50 0.65 0.128 3.9 · 105 < RaH < 6.4 · 106
θt [deg] B n
35 0.31 0.146 2 · 105 < RaH < 3.5 · 106
40 0.31 0.147 1.9 · 105 < RaH < 3.1 · 106
45 0.31 0.147 1.8 · 105 < RaH < 2.9 · 106
50 0.30 0.151 1.6 · 105 < RaH < 2.6 · 106
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Figure 5.27: Isotherms at 373 K for θt = 35 deg (left) and θt = 50
deg (right) for circular receiver from [87]
Figure 5.28: Streamilines at 373 K for θt = 35 deg (left) and θt =
50 deg (right) for circular receiver from [87]
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Figure 5.29: Isotherms at 373 K for θt = 35 deg (left) and θt = 50
deg (right) for flat receiver from [87]
Figure 5.30: Streamlines at 373 K for θt = 35 deg (left) and θt =
50 deg (right) for flat receiver from [87]
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5.2.1 Influence of the characteristic length for the
same concentrating ratio
Several simulations were carried out to describe the influ-
ence of the characteristic length in the variation of coefficientsB
and n for the same concentration. The diameter of the absorber
was chosen as characteristic length and, as an example, the re-
sults obtained with the circular geometry are shown in Figure
5.31. In particular, the values of diameter were chosen between
15mm and 70mm and a concentrating ratio of 2 was imposed.
As a result it was found that all values were confined in a band
characterized by a change in slope; values of diameter lower
than a critical one caused a negative slope for B and a positive
slope for n, while, on the other hand, larger dimensions than
the critical entailed a constant value for both quantities. The
reason of this behavior was explained considering the motion
of the filling air; the gap between the bottom of the enclosure
and the absorber was independent of the absorber diameter,
while other dimensions were directly proportional to the diam-
eter of the receiver. As consequence, in presence of smaller di-
ameters, the filling air impinged the receiver and surrounded it
passing through the gap; on the other hand, when larger diam-
eters were considered, a larger amount of filling air surrounded
the absorber but its motion was hindered by the gap, as shown
in Figures 5.32 and 5.33.
It was therefore clear that near the absorber, small receiver di-
ameters allowed the air to reach a value of velocity very close
to the maximum, thus increasing the heat transfer. With larger
diameters, instead, the velocity of the air was reduced so much
to reduce the heat exchange considerably. A diameter close to
30mm represented a borderline between these two different ef-
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Figure 5.31: Trend of parameters B and n as a function of the
diameter of receiver for a concentrating ratio of 2, from [87]
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Figure 5.32: Contours of velocity magnitude in [ms ], for diam-
eter of (a) 15mm, (b)30mm, (c)35mm,(d) 47mm and(e)70 mm
from [87]
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Figure 5.33: Maximum velocity magnitude as a function of the
absorber diameter, for three receiver temperatures with con-
stant tilt angle, from [87]
fects. In Figure 5.34 it is shown that in the central part of the
enclosure, the distribution of the contours of velocity magni-
tude was modified from smaller receiver diameters up to larger
ones; this was due to the restriction of the gap that promoted
a stronger interaction between the air in contact with receiver
and the remaining fluid in the central zone.
5.2.2 Effect of the concentrating ratio
The effect of the concentrating ratio in the terms of correla-
tion 5.9 was investigated considering circular receiver. Several
values of diameter were simulated for different concentrating
ratios fixing a value of tilt angle of 35 degrees. In Table5.6 the
heigths of the analyzed concentrators, obtained for different di-
ameter of absorber and concentration, are reported. Since the
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Figure 5.34: Pathlines for two different receiver diameters of 15
mm on the top and of 70mm on the bottom, evaluated for a
temperature of receiver of 373 K and a tilt angle of 45 deg [87]
Table 5.6: Values of heights in mm of the investigated collectors
Concentration Diameter [mm]
15 20 30 35 47
1.25 31.4 42 62.9 73.4 98.6
1.5 50.6 67.7 101.5 118.5 159.1
1.7 67.6 90.4 135.6 158.2 212.5
2 96.4 128.8 193.2 225.5 302.8
2.5 153.3 205 307.4 358.7 481.7
3 221.8 296.6 444.9 519 697
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acceptance angle depends on concentration ratio, in order to
study devices able to collect the solar radiation with at least two
seasonal adjustments a maximum value of concentrating ratio
of 3 was chosen, as reported in [23]. As results in Figure 5.35, it
was obtained that values of B were included in a band that is a
function of the concentrating ratio; more specifically the upper
limit of the band was represented by an exponential correlation
while the lower limit was best-fitted by a power law. Within
the band, diameters lower than the critical value of 30 mm be-
longed to different exponential curves located near the upper
limit of the band, while diameters larger than 30 mm were rep-
resented by overlapping points placed in the lower part of the
band that was characterized by a power law trend. The param-
eter nwas described by points located in a band defined by two
straight lines with different slopes. Points associated with di-
ameters lower than 30 mm followed two different lines, while
those related to a diameter higher than this size overlapped. As
explained previously, these effects were due to the dimensions
of the gap between receiver and the bottom of the enclosure
with the consequence to prevent the motion of the air when
high diameters were employed.
Moreover for a concentrating ratio of 1.25, the structure of in-
ternal flow was different varying the diameter of receiver. As
represented in Figure 5.36, sizes lower than 30 mm showed a
bicellular flow with two cells of similar dimensions, while for
other values the flow was unicellular because the cell on the left
occupied almost the central part of the enclosure. Concentra-
tion values higher than 1.25 showed unicellular flow regardless
of the sizes of the receiver. This may be due to the ratio between
diameter and height of enclosure as well as the imposed bound-
ary conditions that influenced the flow structure, as reported in
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Figure 5.35: Trend of parameters B and n for several diameters
as a function of the concentrating ratio with a tilt of 35 deg, from
[87]
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Figure 5.36: Vector velocity in [ms deg] in a collector with con-
centration of 1.25 for a diameter of 15mm on the top and 30mm
on the right at 373 K, from [87]
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[100].
The CFD approach revealed that the heat transfer in the CPC
enclosure was influenced by the shape of receiver as well as the
the dimensions of the enclosure.
5.2.3 Analysis of multiple collectors
In the previous section the thermal effects on a single con-
centrator were analyzed; however, for practical applications,
several concentrators are usually placed side by side to create
a solar panel. In this context it is useful to employ the previous
methodology to investigate the influence of the presence of ad-
jacent concentrators. The circular absorber was considered and
a concentrating ratio of 2 was chosen; in particular, the thick-
ness between two adjacent collectors was proportional to the
diameter of the absorber. The working temperature of receivers
was between 300 K and 393 K and it was imposed that all re-
ceivers were at the same temperature to avoid internal thermal
exchanges.
In Figure 5.37 a model of panel with 7 concentrators is reported;
each collector is progressively numbered from 1 to 7, in which
1 is for the lowest concentrator, while 7 is for the highest.
Variation of the efficiency of collectors in a panel
A first investigation, involving the variation of the efficiency
of collectors, was analyzed. In the following lines the results for
a diameter of 35 mm will be shown.
The CFD results highlighted similar values of temperature of
the air in the enclosure for CPCs between 2 and 6, while differ-
ent values were found for the extreme concentrators. The rea-
son was explained by the different insulating conditions due to
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Figure 5.37: General panel composed by 7 CPCs employed for
simulations
the occupied position by the concentrator (see Figure 5.38). As a
consequence, the efficiencies of the concentrators were reported
in Figure 5.39. The efficiency of the collector 1 showed the low-
est values for all the temperatures, while the others were char-
acterized by the same thermal performance, even if a little gap
appeared at 393 K for the collector 7. The same results could
be obtained simulating a panel with 3 and 5 concentrators in
the same operating conditions. This conclusion was obtained
by assuming a working temperature of the receivers. However
the above assumption can be retained acceptable because of the
negligible difference of the efficiency. It was also possible to
define a global efficiency of the panel that considered the per-
formances of each concentrator; as a matter of fact it was found
that efficiency of a panel constituted by n concentrators was:
ηpanel(T ) =
∑m
i=1 ηi(T )
m
(5.19)
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Figure 5.38: Trend of average enclosure temperature in the
panel.
Figure 5.39: Variation of the efficiency for 7 concentrators placed
side by side, for a tilt of 45 degrees.
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that was obtained considering a global energy balance of the
panel.
The different position in the panel influenced also the percent-
age of heat exchanged by radiation because of the different in-
sulating conditions that changed for the external concentrators,
as shown in Figure 5.40. Moreover, in the same Figure it was
possible to note that the increase of the radiative contribute was
not linear with the amount of the working temperature. A com-
Figure 5.40: Percentage of heat exchanged by radiation for each
concentrator.
parison with a single one concentrator with the same values
of the tilt, concentrating ratio and diameter was conducted for
each concentrator in the panel as shown in Figure 5.41. As a re-
sult, the thermal performance of the concentrator n◦ 1 were very
close to those of the single concentrator, while the other one
showed lower values of the thermal losses. These results were
also supported by a comparison of the structure of contours of
temperature obtained by CFD simulations in Figure 5.42. In
particular, the thermal distribution was quite similar both for
the single collector and for the first collector of the panel. The
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Figure 5.41: Percentage ratio of the heat exchanged by a single
CPC of the panel to the heat exchanged by a single CPC, for
several receivers temperatures.
plume structure instead was the same for all concentrators.
Collectors from 2 to 6 were characterized by the same thermal
distribution that was reported in Figures 5.42 and 5.43. The
thermal contour for the highest CPC in the panel was slightly
different respect to the others, as shown in Figure 5.43 where
a reduction of temperature was present on the top of receiver.
The correlation 5.9 was employed to quantify total thermal heat
losses, and it was found that the terms B and n were practically
the same for collectors from 2 to 6 while small differences were
noticed for the concentrators 1 and 7, as shown in Table 5.7.
In the same conditions, the previous analysis was performed
considering a panel constituted by 3 and 5 collectors. The com-
parison, in terms of percentage with concentrator n◦ 1 of the
panel for a temperature of 373 K, is shown in Figure 5.44; simi-
lar results were found operating temperatures of 353 K and 393
K.
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Figure 5.42: Contours of temperature in a panel (top) and in a
single CPC (bottom).
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Figure 5.43: Contours of temperature in collector 6 and in the
highest concentrator.
Table 5.7: Terms for the correlation 5.9 calculated for a panel
composed by seven CPCs with concentrating ratio of 2, ab-
sorber diameter of 35 mm and tilt of 45 deg
n B n
1 0.22 0.181
2 0.22 0.176
3 0.21 0.178
4 0.21 0.178
5 0.21 0.178
6 0.21 0.178
7 0.2 0.181
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The results showed that a greater number of concentrators in
Figure 5.44: Comparison of thermal losses in percentage for 3,5
and 7 concentrators at 373 K.
the panel permitted a slight increase of the efficiency for higher
temperatures, as evidenced in Figures 5.45 and 5.46 in which
the average efficiencies of panels with 3 and 7 concentrators are
reported. As a consequence, at high temperatures it was impor-
tant to maximize the number of collectors in the panel, whereas
at low temperatures, the number of collectors could be mini-
mized.
Introduction of a double glass
The introduction of an external double glass in the cover to
limit thermal losses, was investigated. Clearly, the introduction
of a barrier made of glass implied a reduction of the optical ef-
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Figure 5.45: Average efficiency for a panel constituted by 3 and
7 concentrators.
Figure 5.46: Percentage variation of the average efficiency for a
panel constituted by 3 and 7 concentrators.
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ficiency, that was recalculated as specified in the section 5.2:
ηoptc = τ
2α
(
ρ+
1
piC
(1− ρ)
)
(5.20)
The investigated geometry consisted in the previously studied
panel made of 5 CPCs with a concentration of 2 and a receiver
diameter of 35 mm.
Several thickness of the glass rectangular enclosure, provided
by a manufacturer, were simulated; these values were between
5 and 24 mm. It was also assumed that the vertical sides of the
enclosure were made in stainless steel whose dimensions are re-
ported in Figure 5.47.
In Figure 5.48 several trends of total thermal heat losses for
Figure 5.47: Frame dimensions assumed in the CFD simula-
tions.
each receiver at operating temperature of 373 K are shown. As
expected the external CPCs (n◦1 and n◦5) showed the maxi-
mum values of the total thermal heat losses for each value of
thickness. Particularly, a thickness between 12 and 24 mm did
not reduce the value of total thermal heat losses; similar trends
were also obtained for other operating temperatures. However
the introduction of a thermal barrier allowed to reduce thermal
losses of internal concentrators with respect to the first collector
as reported in Figure 6.2.
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Figure 5.48: Total thermal heat losses as a function of the thick-
ness of the double glass, for a temperature receiver of 373 K.
A comparison between the average efficiency, calculated by
means of equation 5.19 in the investigated range, revealed that
the introduction of a double glass reduced the efficiency of the
panel to values lower than those obtained with a single glass:
as consequence the reduction of the optical efficiency was pre-
vailing on the reduction of total thermal losses.
The presence of a double glass modified also the terms of the
correlation 5.9 as demonstrated in Figures 5.51 and 5.52, as a
matter of fact from external collectors to interior ones, the value
of term B increased, while, on the other hand, the term n de-
creased; the trend was followed with all investigated thicknesses.
The presence of a double glass modified the thermal distribu-
tion of the the collectors, as shown by a comparison between
Figures 5.53 and 5.54, because of the better insulation due to the
double glass.
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Figure 5.49: Total thermal heat losses expressed as percentage
respect to CPC n◦1 for different concentrators with different
thickness of thermal barrier at 373 K.
Figure 5.50: Thermal efficiency for several thickness of thermal
double .
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Figure 5.51: Trend of term B for several thickness of double
glass.
Figure 5.52: Trend of term n for several thickness of double
glass.
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Effect of truncation
Several CFD simulations were performed to study the effect
due to a truncation of the collector. As expected a reduction of
concentrating ratio, shown in Figure 5.55, was obtained because
of the absence of reflecting surface at the top of the concentra-
tors. In particular the aim of these investigations was the evalu-
ation of the performance if a gap between the external coverage
and reflectors is created. As shown in Table 5.8, the investigated
thickness did not introduce a relevant variation of the concen-
tration.
The curves of efficiency for several gaps are reported in Figure
Table 5.8: Variation of the concentrating ratio with the investi-
gated thickness of the internal gap.
Thickness [mm] Concentrating ratio
0 2
5 2
10 2
15 2
20 1.99
25 1.99
60 1.96
5.56; it was found that a thickness of 60 mm allowed a small re-
duction of concentration and an increase of thermal efficiency,
especially for the high temperatures.
Moreover, for the same thickness, the analysis of thermal losses
evidenced a reduction for the concentrator n◦5 and an amount
for the concentrator n◦1 respectively (see Figure 5.57), while for
the other thickness the trend was independent on the gap di-
mensions. However a truncation of 60 mm was characterized
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Figure 5.55: Variation of the concentrating ratio with the thick-
ness of the internal gap.
Figure 5.56: Thermal efficiencies for several thickness of the in-
ternal gap.
by a mixing of the filling air in the first concentrator (see Figure
5.58), that was not so relevant for a small values of truncation
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Figure 5.57: Total thermal heat losses for concentrators in a
panel with a gap of 60 mm.
as shown in Figure 5.59.
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5.2.4 Methods to reduce thermal heat losses
The aim of this research was the development of CPC to col-
lect solar radiation. The results of previous investigations al-
lowed to highlight the importance of the optical efficiency as
well as the effects due to the arrangement of concentrators in
the panel.
In the previous analyzed models no thermal barrier was in-
serted in the inner side of the enclosure, with the results that
natural convection was not prevented. In this section, several
CFD simulations were performed to reduce thermal heat losses.
This issue was already addressed in the literature ([84]-[86]), but
in this work only the solutions that permitted lower costs as
well as simple manufacturing and maintenance, were consid-
ered. As a matter of fact a useful cost reduction could help the
diffusion of CPCs and their applications to satisfy the energy
production from solar energy.
A solution that allowed to reduce the internal loop of the air,
without penalizing the optical efficiency, consisted in the intro-
duction of an internal glass barrier near the receiver; as a matter
of fact the barrier allowed to prevent the loop due to the con-
vection and the fluid was trapped near the receiver.
In this research the previous CFD model with circular receiver
characterized by a diameter of 35 mm and a concentrating ratio
of 2, described in Section 5.2, was modified by means the in-
troduction of a glass barrier, thus the models represented from
Figure 5.60 to Figure 5.62 were obtained. The suppression of the
air motion was insured by the internal cover since the receiver
was not protected by the evacuated pipe; moreover, several tilts
of the internal cover were simulated to find the best configu-
ration. All simulations were carried out considering the same
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boundary conditions of the CFD models described in 5.2 and a
tilt angle of 35 deg was chosen.
All calculations were then performed considering a solar radi-
ation of 850 Wm2 . As result it was obtained that for the high-
Figure 5.60: model a.
Figure 5.61: model b.
est values of the operating temperature, the model b showed
the best efficiency as illustrated in Figure 5.63 because of lim-
ited motion of the internal air near the receiver, as shown in
Figure 5.64 in which the average velocities magnitude near the
receiver are shown. The geometry of the enclosure contain-
ing the receiver, that was determined by the orientation of the
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Figure 5.62: model c.
Figure 5.63: Thermal efficiencies of the models a, b and c.
barrier, influenced also the structure of the thermal loop as ev-
idenced from Figure 5.65; In particular the development of the
plume was prevented for models a and b while a more devel-
oped plume was found in the model c because of the presence
of available volume between the reflector and the barrier.
Moreover, a simulation of the CPC with evacuated pipe, with
same characteristics, was carried out to investigate the shapes of
isotherms. The vacuum in the evacuated pipe was modeled in-
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Figure 5.64: Average velocity of the fluid near the receiver, for
the the models a, b and c.
troducing a fluid with zero thermal conductivity. In the model,
the velocity of the fluid contained in the vacuum was specified
to be null. In Figure 5.66 the simulated thermal field of a CPC
with evacuated pipe, is shown for a temperature of 393 K. As
result, the enclosure temperature was the same as ambient; as
consequence the temperature of the plume was slightly higher
than the ambient value. This thermal insulation, that was due
to the presence of the vacuum as well as the low value of the
selective coating of the receiver, limited the heat transfer in the
enclosure (see Figure 5.67).
As consequence, a comparison involving the collector with-
out barrier, that was analyzed in the previous section 5.2, the
model b and the collector with evacuated pipe, was performed
and the results in terms of efficiency are depicted in Figure 5.68.
It was obtained that a break even point, for a receiver tempera-
ture about 375 K, was found for the efficiencies of model b and
the model without thermal barrier. The reason was due to the
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Figure 5.65: Structure of the thermal field for the the models a,
b and c at 393 K.
higher optical efficiency that was reached in the absence of a
thermal barrier and that was prevailing at low temperature; on
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Figure 5.66: Isotherms at 393 K for the simulated CPC with
evacuated pipe.
Figure 5.67: Temperature distribution near the evacuated pipe.
the other hand at high temperature, the presence of a thermal
barrier was useful to prevent the motion of the filling air near
the receiver.
The comparison showed also that up to temperature of 430 K,
the model b was characterized by a better efficiency than the
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Figure 5.68: Efficiencies for several CPCs with different insulat-
ing systems for the receiver.
CPC with evacuated pipes because of simultaneous effects due
to suppression of convection and an acceptable optical perfor-
mance. This result suggested that working temperatures be-
tween 375 K and 430 K could be exploited by collectors in
which a glass cover, placed in the cavity, suppresses the mo-
tion of filling air as done in the model b. Moreover, a reduction
of the manufacturing costs can be possible for the absence of
evacuated pipe.
In the end, for sake of a more real modeling, the model b was
also simulated taking into account the contribute of solar radi-
ation. As a consequence, the boundary conditions of the pre-
vious CFD model introduced by [101], were slightly modified
because of the introduction of a surface heat generation on the
cover to simulate the irradiation of 850 Wm2 due to the Sun. In
the model, the effect of sky temperature was considered intro-
5.3 Conclusions 151
ducing a radiative temperature that was calculated by means
the Swinbank formula 5.21 [102][103]:
Ts = 0.0552T
1.5
a (5.21)
in which the temperature is expressed in Kelvin [102]. How-
ever, this value was conservatively reduced from 287 K to 270
K to overestimate other possible thermal losses that were not
included in the model.
The efficiency curve that was obtained, is shown in Figure 5.69
in which it is compared again with the efficiency of a CPC with
an evacuated pipe. As result it was obtained a reduction of the
break even point that dropped up to a temperature about 418
K. However, even if a solar radiation as well as the sky temper-
ature were considered in the CFD model, the previous results
remained the same as also confirmed by Duffie et al. in [23].
5.3 Conclusions
In this chapter an analysis on the state of the art of solar
technologies was performed. In particular, the CPC technology
with evacuated pipe was investigated to improve its potential in
micro-generation applications. The research faced the following
topics:
• modelling with lumped parameters;
• CFD analysis.
The lumped parameters approach provided a model of a CPC
with evacuated pipe that was employed to simulate the dy-
namic behavior of a thermal solar plant, highlighting the effects
due to the inertia of the collectors. The CFD analysis was em-
ployed to investigate the heat exchange in CPC solar collectors;
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Figure 5.69: Efficiency of the model b in presence of solar ra-
diation compared with the efficiency of a CPC with evacuated
pipe.
in particular an analysis was carried out to establish a relation
to quantify total thermal heat losses as a function of the concen-
trating ratio and absorber diameter. The relation was also em-
ployed to highlight the influence of the design parameters on
the performance of the concentrator; the main result suggested
that an increase of the efficiency could be obtained it the total
area of the receiver is the same of the illuminated area.
After, a series of CFD simulations were performed to analyze
the heat transfer in a panel constituted by several CPCs. Several
configurations were simulated and the following consequences
were obtained:
• In the panel the lowest concentrator was characterized by
the highest values of thermal losses;
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• The increase of concentrators in the panel reduced the ther-
mal losses;
• Up to temperatures of 393 K the introduction of an exter-
nal double glass was not useful, because the reduction of
the optical efficiency was prevailing on the reduction of
thermal losses;
• A truncation of the concentrators was beneficial because
it increased the efficiency of the panel.
In the end, several CFD investigations were carried out to con-
sider low cost solutions to reduce total thermal heat losses of
the absorber. An interesting solution was represented by the
introduction of a glass barrier near the receiver to suppress the
motion of filling air. As a result it was found that, depending
on the temperature of the receiver and for an incoming radia-
tion of 850 Wm2 , three different types of concentrator might be
employed to reduce simultaneously costs and to maximize the
efficiency:
• the use of the concentrator without thermal barrier is con-
venient for temperatures between the ambient tempera-
ture and 380K;
• the introduction of a thermal barrier is useful in an oper-
ating range between 380K and 430K;
• values of temperature over 430K required the use of a
CPC with an evacuated pipe.
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5.4 Experimental tests on CPC concentra-
tor
A CPC with a commercial evacuated pipe was built at Uni-
versity of Pisa, to investigate its thermal behavior. The structure
of the concentrator was made by wood to limit thermal heat
losses and the main characteristics are reported in Table 5.9. The
Table 5.9: Characteristics of the investigated concentrator
Geometry of the collector
Concentrating ratio 1.25
Acceptance angle 106.3 deg
Number of passages 2
Captation area 1.5 m x 0.184 m
External diameter of evacuated pipe 47 mm
tests were done with the simulation of the solar radiation, that
was obtained by the use of six lamps placed in a rotating frame,
each of which provided 400 W . The height of the frame was 2.5
m. Each lamp was inserted in a parabolic reflector housing to
direct solar rays on the concentrator. In particular, two different
types of lamp, described in Table 5.10 were chosen to simulate
the composition of the solar light.
The use of a pyrometer, that was placed near the absorbing sur-
face of the collector, allowed to measure an irradiation of 600
W
m2 that was radiated from the lamp system.
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Figure 5.70: CPC employed in the experimental test.
Figure 5.71: Experimental apparatus to simulate the solar radi-
ation.
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As heat transfer fluid, a diathermic oil named Seriola 1510,
with specifications ISO 6743/12, class L and family QC, was
chosen to allow a better measurements of the increase of tem-
perature due to incoming radiation, because of the lower value
of its specific heat than that of water. Moreover, the presence of
an oil made possible the lubrication of the pump.
The Seriola 1510, whose characteristics are reported in Tables
5.11 and 5.12, shows a series of advantages such as good ther-
mal stability, high flash point and high viscosity index. Main
applications for this fluid are the steam generation, domestic
and industrial heating, air conditioning applications and in gen-
eral all heating processes based on heat exchange.
A hydraulic circuit, shown in Figure 5.73, was built to allow
Figure 5.72: Kinematic viscosity of the Seriola 1510 .
the measurements of the oil temperature. In particular, an elec-
tric resistance, controlled by an ON-OFF logical unit, heated the
oil up to a fixed temperature before the inlet in the concentrator;
after the oil temperature was increased up to the outlet tempera-
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Table 5.12: Variation of several thermodynamic properties with
the temperature
T [C◦] Cp [ kJ
kg·m3 ] Density [
kg
m3
]
40 1.930 857
50 1.965 850
60 2.000 844
70 2.035 837
80 2.070 831
90 2.105 824
100 2.14 818
110 2.175 811
120 2.210 805
130 2.245 798
140 2.280 792
150 2.315 785
ture, because of the incoming radiation provided by the electric
lamps. The circuit was provided also of several instruments
to measure fluid pressures, temperatures and volumetric flow
meter in several parts of the circuit. A plate heat exchanger was
introduced to cool the oil to allow the measurement in the flow
meter. The oil flow circulation was ensured by an electric pump
of 750 W whose rotating speed was controlled by an inverter.
The use of a micro plate exchanger was necessary to cool the oil
below a temperature of 150 C◦ to allow the measurement of the
flow rate in the flow meter, whose temperature working range
was up to 150 C◦. When the temperature of the oil was below
150 C◦ the heat exchanger and the radiator were excluded by
means of the valves 1,4 and 9 that were opened, while the other
valves such as 2,3,5 and 6 were closed. In this way the fluid
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Figure 5.73: Experimental apparatus for the measure of the oil
working parameter.
flowed in the by-pass.
On the other hand, for temperatures higher than 150 C◦, the
closing of the valves 1,4 and 9 and the opening of the valves
2,3,5 and 6 allowed the circulation of the oil inside the heat ex-
changer and the radiator. The inlet and the outlet of the hot
fluid were the points 7 and the valve 2 respectively, while the
cold fluid entered in the valve 3 and exited in the point 8. After
the valve 2, the hot fluid entered in the radiator to reduce its
temperature by means an heat exchange with the ambient air,
and finally it flowed in the flow meter that measured the vol-
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Figure 5.74: Arrangement of the thermocouples in the circuit
measure the oil temperature at the inlet and at the outlet of the
concentrator.
Figure 5.75: Piping system of the apparatus.
ume flow rate.
The thermal fluctuations were dampened by means of a ther-
mal storage where the electric resistance was inserted.
In the inlet and in the outlet of the pipe of the collector, two
swirls were employed to increase the turbulence of the oil to
improve the heat exchange [105]-[108].
The use of an insulating material and of an aluminium foil al-
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Figure 5.76: Insulation of the pipes.
lowed to reduce total thermal heat losses. Several tests were
performed employing K thermocouples even if a more perform-
ing set-up was obtained introducing two PT-100 thermal- resis-
tances and T thermocouples, that were arranged as in 5.74. A
program developed in LABVIEW R©environment allowed to reg-
ister the measures of the thermocouples and of PT-100 probes.
In particular two DAQ modules, NI-9214 and NI-9207 installed
on a NIcDAQ-9174 chassis, were employed to acquire the sig-
nals.
5.5 Analysis of the experimental results
In the following Figures a first set of experimental measure-
ments performed on the collector with an ambient temperature
of 28 C◦ are reported. However, the influence of the on-off elec-
tric resistance and the low inertia of the circuit did not permit to
obtain stationary values. As a result, however, it was obtained
an effective increase of the temperature of the oil between the
inlet and the outlet of the concentrator, even if some improve-
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Table 5.13: Components employed in the experimental appara-
tus
Component Quantities Legend
Storage with electric resistance 1 A
Thermocouples 4 Tc
Thermo resistance PT-100 2 Tr
Air leak 1 Sf
Electric Pump 1 P
Inverter 1 I
Drainage 1
Thermometer 2 T
Manometer 2 M
Flow meter 1 Flu
Flow meter filter 1 Fi
Micro plate heat exchanger 1 S
Expansion tank 1 V
Radiator 1 R
Table 5.14: Pipe circuit dimensions
Elements Quantity
Copper pipe 12 mm diameter 12 m
Rubber pipe 6 m
T junction 12
Valves 15
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ments in terms of repeatability of measurements as well as oil
flow are necessary. In particular, a negative temperature dif-
Figure 5.77: Difference of temperature between the outlet and
the inlet of the concentrator, for a set point of 40 C◦.
ference across the concentrator was observed during transient
operation due to non stable inlet temperature. As result, the
real working conditions were simulated by means the lumped
parameter model (see Figure 5.80) to obtain a numerical com-
parison shown in Figures 5.81 5.82.
The numerical results highlighted the influence of the inertia
of the receiver during unsteady operations. As a matter of fact
the receiver was heated by the inlet oil when a thermal transient
variation was introduced and, consequently, a negative temper-
ature difference between inlet and outlet was encountered.
In addiction the thermal response of the whole system was dif-
ferent for the tested operating conditions, because of the influ-
ence of the dynamic of the electric resistance, as well as the op-
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Figure 5.78: Difference of temperature between the outlet and
the inlet of the concentrator, for a set point of 50 C◦.
Figure 5.79: Difference of temperature between the outlet and
the inlet of the concentrator, for a set point of 90 C◦.
erating temperature that modified the mass flow rate for a fixed
volumetric flow rate.
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Figure 5.80: Numerical model to investigate the transient be-
haviour of the experimental apparatus.
Figure 5.81: Transient inlet temperature of the oil for a set point
of 90 C◦ and a mass flow rate of 1 lmin , created in the AMESim
model.
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Figure 5.82: Difference of temperature between the outlet and
the inlet of the concentrator, for a set point of 90 C◦ and a mass
flow rate of 1 lmin evaluated by means the lumped numerical
model.
Chapter 6
Expander device: theory
and design
The exploitation of solar energy based on the thermodynamic
approach requires a device to expand the steam produced by
the heat collected by solar concentrators. Generally, power ap-
plications based on thermodynamic cycle require to expand the
operating fluid in an expander. As reported in literature, large
values of power, such as industrial power plant, are obtained by
steam turbines, while for small values of power, as those typi-
cal of micro-generation applications, are produced by means of
volumetric expanders [3].
In this chapter a volumetric expander built at University of Pisa,
modifying a Wankel engine, is described and analyzed.
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Nomenclature
A Surface [m2]
BDC Bottom death center
c Fluid speed [m
s
]
Dh Hydraulic diameter [m]
e Eccentricity [m]
fbearing Friction bearing
fbt Friction belt
F Force [N ]
Fc Contact force [N ]
Fs Spring force [N ]
g Acceleration due to Earth’s gravity [m
s2
]
h Enthalphy [ J
kg·K ]
hint Internal heat exchange coefficient [ Wm2·K ]
hext External heat exchange coefficient [ Wm2·K ]
n rotating speed [rpm]
y General function
l Length [m]
m mass [kg]
m˙ Mass flow rate [ kg
s
]
k
Ratio between specific heat at constant pressure to
specific heat at constant volume of the fluid
kfluid Thermal conductivity of the fluid [ Wm·K ]
ks Thermal conductivity of stator [ Wm·K ]
kl Thermal conductivity of the insulating [ Wm·K ]
M Moment [N ·m]
N Normal contact force between seal and its housing [N ]
Nu Nusselt number
P Generical force [N ]
Pr Prandtl number
p Operating Pressure [Pa]
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Q Total flow rate [ W
m2
]
raverage Average radius of the chamber [m]
r Radius of the seal [m]
R Length side of the rotor [m]
Rbearing Radius of the bearing [m]
Re Reynolds number
t Time [s]
T Tangential friction force between seal and its housing [N ]
Ttight Tight part of the belt [N ]
Tslack Slack part of the belt [N ]
T0 Pre-load of the belt [N ]
TDC Top death center
∆T Variation of the belt stress [N ]
U Total heat exchange coefficient [ W
m2·K ]
V Volume chamber [m3]
Vc Displacement [m3]
W Width of the sealing housing [m]
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Nomenclature
α Angular coordinate of the rotor [deg]
σ Admission grade
µdgs Dead grade space
∆ Variation
 Expansion ratio
σc Recompression ratio
γ Angular coordinate of the shaft [deg]
ρd Density [ kgm3 ]
µd Dynamic friction coefficient
µs Static friction coefficient
ξ Swinging angle [deg]
Ω Flow area [m2]
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Subscripts
a Chamber a
atm Atmospheric
b Chamber b
bearing Bearing
c Chamber c
ca Flow from c to a
ba Flow from b to a
eff Effective
ext External
in Inlet
inertia Inertia
out Outlet
iso Isentropic
eff Effective
i Insulating
s Stator
l Lateral stator surface
p Covering plates surface
x x direction
y y direction
z z direction
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6.0.1 History of Wankel engine
The idea of the Wankel engine was originated by rotary pis-
ton systems because of their simplicity with respect to other
complicated mechanisms, such as reciprocating pistons [109].
In particular, the rotary piston mechanism was inherited to de-
velop the idea of Wankel expander. Nevertheless, rotary en-
gines show some problems due to wear, leakages of the oper-
ating fluid from the working chamber and difficulty to obtain
an acceptable combustion because of the shape of combustion
chamber.
Felix Wankel, the pioneer that was involved in the studies of
rotative engines, proposed two types of engine in collaboration
with NSU:
• single rotation device (DKM);
• planetary rotation machines (KKM).
The first was characterized by the motion of rigid bodies around
a fixed axis, while the latter showed an eccentric motion even
if its coupling with test bench was simpler than DKM system.
However, the design of both mechanisms is described by a per-
itrochoid and the operating chamber is created when the inner
piston is moving respect to the stationary case.
The research started in 1954 and the first operating Wankel en-
gine, based on DKM type, was obtained in 1957 modifying a
compressor even if some problems, due to high rotor inertia and
elastic deformations, were encountered[110]. As consequence,
the KKM typology was investigated and several prototypes (KKM-
150, KKM-250, KKM-400, KKM-502) were built on this technol-
ogy between 1957-1958 increasing the displacement. The results
of this research were patented and sold to several manufactur-
ers.
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6.0.2 The KKM-epi,2/3 engine
The Wankel engine traditionally employed in the automo-
tive applications, is the KKM-epi, 2/3. It consists in a capsulism
with internal epitrochoid shape in which a triangular-shaped
rotor is placed. In the centre of the rotor an hole is present to
support an eccentric shaft by means a bearing; moreover the
rotor is provided with an internal gear that is engaged with a
pinion placed in the stator as shown in Figure6.5. The shaft is
supported by two bearings that are housed in two plates that
enclose the capsulism. The useful torque is created because the
Figure 6.1: Principle parts of a Wankel engine
eccentric shaft works as a crank linked to the rotating-piston.
6.0.3 Geometry of a Wankel engine
The peritrochoid is a general curve that can be employed
to build the inner surface of a rotating engine; particularly, if
appropriate values are chosen to calculate the parameters of a
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peritrochoid, it is possible to obtain a closed, two lobed and
non intersecating curve, called trochoid, that is used to define
the stator case of a Wankel engine [109]-[111]. It is possibile to
obtain other curves introducing different values in the general
equation of a peritrochoid [109], as represented in Figure 6.2.
If an inertial reference frame {O, x, y, z} and a non inertial mov-
Figure 6.2: Shapes of several peritrochoids for different param-
eters, from [109]
ing reference frame {Or, xr, yr, zr} are introduced, it is possible
to calculate the path of a generic apex A of the triangular rotor,
by means the following formula that can be obtained observing
the Figure6.3:
−→
OA =
−−→
OO′ +
−−→
O′A = −e
[
cos 3α
sin 3α
]
+R
[
cosα
sinα
]
(6.1)
in which R =
−→
OA is the radius that defines the relative motion,
e =
−−→
OO′ is the eccentricity of the motion and α is the angular
coordinate that defines the position of
−−→
O′A respect to the x axis.
The angular coordinate γ, that identifies the angular position
of the vector
−−→
OO′ with respect to the x axis, is related to α by
means of the following relation:
γ = 3α (6.2)
The maximum and minimum dimensions of the stator depend
by R and e and their values are respectively 2(R+ e) and 2(R−
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Figure 6.3: Geometry of a Wankel engine, from [113]
e). However, another angle αst depicted in Figure 6.4 can be
introduced to describe the position of a point of the stator case
with reference to the centreO of the inertial frame in the follow-
ing way:
tanαst =
−e sin 3α+R sinα
−e cos 3α+R cosα (6.3)
6.0.4 The Wankel expander
The basic idea of the kinematic motion of the Wankel engine
can be exploited to develop a volumetric expander. As a mat-
ter of fact, the variation of the volume of the operating cham-
ber allows to perform a thermodynamic cycle of a volumetric
expander. Several studies [114]-[116] revealed the technical fea-
sibility of the project; moreover, in [117], a study on the correct
coupling between the working fluid and the operating condi-
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Figure 6.4: Difference between α and αst, from [113]
tions was presented considering the inlet temperatures of the
fluids and the available power of the source.
In general a Wankel expander results attractive because it shows
a series of advantages typical of rotating engines such as com-
pactness, economy and a vibration magnitude level lower than
a reciprocating devices [116].
Nevertheless, if a Wankel engine is modified into an expander
some changes are required, because technical solutions typical
of the engine may be counter-productive for an expander de-
vice.
A Wankel expander was built for micro-generation purposes at
the University of Pisa. The prototype was built modifying a
commercial Wankel engine and, clearly, all the engine equip-
ments were eliminated. In particular, the stator was newly built
to accommodate rotating valves to perform the admission and
the discharge of the working fluid. Clearly the presence of ro-
tating valves, that were driven by a pulley system, allowed to
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obtain a series of advantages with respect to the classical ports
of the traditional Wankel engine. As a matter of fact the rotating
valves allowed a variation of the timing, as well as a correct lo-
cation of the intake valves reduced the pressure losses because
of the minimized interactions between steam and rotor. More-
over a system of channels was added in the stator to permit
the lubrication, even if working conditions without lubrication
were also possible depending on the operating fluid and work-
ing condition. The stator was also insulated to reduce steam
condensation.
The only rotating parts of the original engine, such as the bear-
ings and shaft, were used. The original rotor was replaced by
another one characterized by the absence of cavities that was
produced by the same manufacturer; as a matter of fact, as re-
ported in literature, the geometrical compression ratio influ-
ences the isentropic efficiency of the device. The original apex
seal elements were replaced with others built in PTFE and glass
fibres, because the working conditions of the expander are less
severe than those of the combustion engine.
The prototype was designed to operate in an electrical genera-
tion in the size 10-50 kW depending on the operating condition
and on the working fluid employed.
6.0.5 Thermodynamic cycle of a Wankel expander
The thermodynamic cycle of a volumetric expander is repre-
sented in the following Figure 6.6: The cycle, that is composed
by six thermodynamic transformations, is described in the fol-
lowing lines with reference to the Wankel expander:
• isobaric intake (1-2): the fluid enters in the operating cham-
ber until the intake valve is closed (Figure 6.7);
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Figure 6.5: CAD model of the expander obtained modifying a
Wankel engine from [112]
Figure 6.6: Thermodynamic cycle of a volumetric expander in
the p-V diagram,[113]
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• adiabatic expansion (2-3): the fluid is expanded because
of the increase of chamber volume up to the maximum
volume allowed by the mechanism (Figure 6.8);
• spontaneous exhaust (3-4):when the maximum volume of
the chamber is reached, the discharge valve is opened and
the internal pressure drops to the exhaust value; it is pos-
sible to model this instantaneous reduction of pressure as
an constant volume process (Figure 6.9);
• forced exhaust (4-5): in the reduction of the volume of the
operating chamber, the rotor, during its motion, pushes
the fluid trapped in the chamber outside; in this process
the pressure of the fluid is constant (Figure 6.10);
• recompression (5-6): when the discharge valve is closed,
the rotor, that is still moving to reach the minimum vol-
ume of the chamber, compresses the remaining fluid (Fig-
ure 6.11);
• when the admission valve is opened, the incoming fluid
restores the chamber pressure up to admission value with
the consequence that the constant volume process (6-1)
is completed and the cycle can be performed again; this
transformation represents also an energetic loss because
a part of working fluid is used to restore the inlet pres-
sure before the start of admission. Moreover the inlet fluid
compresses the trapped fluid by means an adiabatic pro-
cess, and consequently, the dead volume is filled by other
inlet fluid.
In the Wankel expander two intake and two exhaust valves were
needed because a completed rotation of the rotor performs two
thermodynamic cycles.
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Figure 6.7: Isobaric intake in a Wankel expander [113]
Figure 6.8: Expansion of the fluid [113]
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Figure 6.9: End of the expansion [113]
Figure 6.10: Forced exhaust [113]
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Figure 6.11: Recompression [113]
The parameters that describe a working cycle of a volumetric
expander, can be obtained from Figure 6.6 as:
• Displacement:
Vc = V3 − V1 (6.4)
• Dead grade space:
µdgs =
V1
Vc
(6.5)
• Admission grade:
σ =
V2 − V1
V3 − V1 =
V2 − V1
Vc
(6.6)
• Expansion ratio:
 =
V2
V3
=
1 + µ
e+ µ
(6.7)
• Recompression grade:
σc =
V5 − V1
V3 − V1 =
V5 − V1
Vc
(6.8)
The mass flow rate elaborated by the expander can be computed
as:
m˙ = 2ρVcσn (6.9)
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in which n is the shaft rotating speed in [ rpm60 ].
The performance of a volumetric expander can be expressed
by the isentropic efficiency, as discussed in 2.3, that can be de-
fined as the ratio of the ideal cycle power output to the power
output of an isentropic turbine operating in the same thermo-
dynamic conditions:
ηiso =
Pideal
m˙ · (hin − hout,iso) (6.10)
in which hin and hout,iso are the specific enthalpy evaluated at
intake and exhaust isentropic conditions of the device.
If the relation 6.2 is differentiated with respect to the time, it
follows that the shaft speed is three times the rotating speed of
the rotor, as shown in the following relation 6.11
γ˙ = 3α˙ (6.11)
In the expander, each side of the rotor performs two thermody-
namic cycles during a full rotation of the rotor, so six cycles are
totally obtained; on the other hand the Equation 6.2 suggests
that the mechanical shaft performs three complete rotations in
the same time. As a result, it follows that six cycles are obtained
during three complete rotations of the mechanical shaft, which
entails that two cycles are performed for each complete rotation
of the mechanical shaft.
In the following table 6.1 the geometrical parameters of the pro-
totype are summarized.
6.0.6 Analisys of the expander
Some studies about numerical and experimental tests were
carried out to investigate the performance of the Wankel ex-
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Table 6.1: Main parameters of the Wankel expander built at the
University of Pisa
Wankel expander data
Displacement cm3 316
Compression ratio 12.7
Eccentricity mm 12.05
Admission grade 0.36
Recompression grade 0.25
pander prototype.
In particular a numerical model proposed in [116] and in [117],
was employed to estimate the performances of a Wankel ex-
pander by means a lumped parameter approach, while in [118]
the effects due to the admission and recompression grades on
the expander performances, were investigated as well as the
opening advance and closing delay of the valves.
In this research several tests were carried out to analyze the ef-
fects due to the shapes of valves and the results were published
in [119]1; moreover a numerical model of the expander was de-
veloped to simulate the real thermodynamic cycle taking into
account mechanical losses and thermodynamic losses.
Analisys of the intake and exhaust valves
Volumetric expansion devices are characterized by a pulsat-
ing flow rate, due to the presence of valves. As a consequence,
the fluid dynamic phenomena that occur across the variable
surface of the valves, influence the performance of the volumet-
ric device.
In the Wankel expander, rotating valves were chosen to admit
1Several parts of the this chapter are reported with permission from [119].
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and discharge the operating fluid; particularly in Figure 6.12 the
arrangement of the rotating valves is shown. The transmission
ratio, that was imposed by the pulleys, allowed a rotating speed
of the valve equivalent to half of the speed of the rotating shaft,
because two thermodynamic cycles were completed in a full ro-
tation of the mechanical shaft.
Each valve was inserted in a cast iron removable sleeve and the
admission grades as well as the recompression grades were de-
termined by dimensions of the slots on the valve and on the
housing as represented in Figures 6.13 and 6.14. The presence
of a vernier system, placed on each pulley, permitted the varia-
tion of the timing of the valve.
Figure 6.12: Arrangement of rotating valves in the
expander[113]
Valves analisys
The evaluation of the influence of the valves was investi-
gated by means several experimental tests in which two differ-
ent valves were employed.
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Figure 6.13: Rotating valve with housing [113]
Figure 6.14: Slots on the valve and on the sleeve
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The first valve model, named a in Figure 6.15, was charac-
Figure 6.15: Model of valve ”a” on the left and ”b” on the right
[119]
terized by an internal cylindrical fluid volume, while the other
model, named b 6.15, showed an internal straight slot. Both
valves were simulated by means a CFD 3D simulations consid-
ering several opening grades of the valve. The analysis were
performed in steady state taking into account fully turbulent
motion, described by k−  model, and adiabatic conditions; the
main result of numerical simulation was the evaluation of the
discharge coefficient. The CFD results were then validated at
fluid dynamic test bench in steady state conditions. Particu-
larly, these measurements were performed for several values of
the opening degree with a pressure drop of 3 kPa, while the air
mass flow rate was measured using a diaphragm built upon the
requirements of the rule UNI-EN ISO 5167.
Numerical and experimental results showed a sufficiently sat-
isfactory agreement as represented in Figure 6.16: The results,
reported in Figure 6.17 suggested that the intake valve showed
a greater discharge coefficient than that of exhaust valve; on the
other hand, the intake valve showed the maximum value only
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Figure 6.16: Comparison between numerical and experimental
intake valve discharge coefficient, [119]
at full opening featuring a smaller angular opening than the ex-
haust one. The higher discharge coefficient of the valve model
b than valve a was explained by considering the absence of vor-
tices that were responsible of the reduction of the discharge co-
efficient of the valve model a as illustrated in Figure 6.18. The
introduction of two different valves allowed to prepare three
significant configurations of the expander reported in Table 6.2;
the valve a was tested only once as inlet valve because of its
lower performances than the type b.
Experimental setup
The indicated cycle was chosen as the comparison parame-
ter between the different operating conditions and valves con-
figurations. The experimental analysis was carried out at the
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Figure 6.17: Comparison of the discharge coefficient of the two
valve types [119]
Table 6.2: Valves combinations employed in the present analysis
Configuration Inlet Valve Exhaust Valve
1 a a
2 b a
3 b b
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Figure 6.18: Flow inside the valve a on the top and inside the
valve b on the bottom, [119]
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engine test bench, in which the expander was fueled by com-
pressed air as illustrated in Figure 6.19. A damping volume of
50L was employed between the flow meter and the expansion
device, to eliminate the pressure oscillations due to the device
pulsating suctions, allowing a reliable evaluation of the air vol-
umetric flow rate. The inlet air pressure and temperature were
also measured.
The indicated cycle was obtained by two piezo-electric pres-
sure probes positioned in one half of the stator case, because
one thermodynamic cycle is completed during half rotation of
the rotor. Two Kistler R©6052 piezoelectric sensors, connected to
a Kistler R©4065 charge amplifier, were used to measure the in-
dicated pressure while the angular position of shaft was mea-
sured by an angular encoder. The pressure traces were acquired
with a sampling frequency of 1Ms/s per channel; the indicated
cycle was obtained through a Labview R©program as the average
of 50 cycles. The operating pressure was set to 5 bar while the
rotating speed was varied from 500rpm to 1500rpm.
Investigated cases
The results of the experimental campaign are reported in
this section. The indicated cycles were presented in different
comparisons in order to separate the effects due to the various
variables and to show more generally valid results. All the in-
dicated cycles were normalized by the intake pressure to allow
a clear comparison.
Variation of the rotating speed
The effect of the rotary speed was particularly relevant re-
spect to the pressure losses across the valves. At 500 rpm in
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Figure 6.19: Experimental setup for the tests, [119]
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Figure 6.20, the introduction phase occurred at nearly constant
pressure while the increase in the rotary speed to 1000 and 1500
rpm reduced the in-chamber pressure because of the pressure
losses. The global effect was therefore equivalent to the reduc-
tion of the introduction grade that lead to the decrease of the
cycle area. The increase in the pressure losses was however
partly compensated by the reduction of the residual pressure
at the end of the expansion, that limited the decrease of the
global efficiency of the device. This effect practically disap-
peared when valves model b were employed because of their
higher discharge coefficient. On the other hand, the rotary speed
rise limited also the entity of the internal leakages between one
chamber and the others that resulted in an increase of the in-
chamber pressure at the end of the recompression phase. The
effect of the rotary speed increase was qualitatively the same
whatever the valves configuration.
Valves shape effect
The indicated cycles obtained by the examined configura-
tions were compared in Figure 6.20 to investigate the effects due
to shape of the flow area. At 500 rpm no particular differences in
the introduction phase were observed. As the rotary speed was
increased to 1000 and 1500 rpm a great differences appeared be-
tween configurations 1 and 2, while configurations 2 and 3 were
equivalent because the intake valves were the same. The valves
with an increased discharge coefficient had the same effect of
increasing the introduction grade, thus increasing the indicated
work but also the residual pressure at the end of the expansion
phase.
The diagrams reported in Figure 6.20 showed also a decrease of
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Figure 6.20: Effect of the rotary speed increase for the various
configurations of the expander, [119]
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the indicated pressure at nearly half of the expansion stroke.
This effect may be explained considering a small leakage of
fluid that occurred when the rotor apex seal passed over the
vane of the exhaust port with the consequence that the observed
chamber and the preceding were in communication, as illus-
trated in Figure 6.22. During this period in the observed cham-
ber the fluid was still expanding, while in the preceding one the
fluid was being recompressed. The recompression pressure was
higher in configuration 3 than in the others since the tolerance
of the b-type exhaust valves was lower than the a-type (some
hundredths of mm) and no evident decrease in the indicated
pressure was observed because of the reduced leakage. As the
rotating speed was increased, there was less time for the leakage
to occur and this phenomenon was not so much evident than at
low rotating speed for every studied configuration.
Considering only the exhaust phase, the effects due to the valves
shape variation were relevant. Though the pressure at the end
of the expansion was higher with the configuration 3 that the
other cases, due to the previous phenomena, the in-chamber
pressure dropped to the atmospheric value in a shorter time
than in the other configurations. If the configuration 1 was
taken as reference, the indicated work that had to be spent dur-
ing the exhaust phase at 1500 rpm was reduced by 11.4% with
configuration 2 and by 27% with the configuration 3 (see Figure
6.23). The influence of the exhaust valve timing was also carried
out in the same way. When the opening advance was increased
to 4 and to 8 degrees, the indicated work done was decreased
respectively by 10.2 and 33.6% with respect to the case with no
advance as reported in see Figure 6.24, because of the lower av-
erage pressure during the exhaust as shown in Figure 6.25. A
further increase did not provide any advantage. At lower ro-
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tating speeds the differences were obviously less noticeable. As
a result, configuration 3 obviously provided highest values of
delivered torque that are presented in Figure 6.26.
Figure 6.21: Effect of the valves configuration at constant speed,
[119]
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Figure 6.22: Leakage between two chambers when the apex seal
is in correspondence with a valve port, [119]
Figure 6.23: Percentage of work done during exhaust phase for
different configurations evaluated with respect to the exhaust
work done by configuration 1, at 1500 rpm [119]
A numerical model to predict the real performances of the ex-
pander
The investigation of the previous indicated cycles, suggested
the necessity to develop a numerical model to simulate the real
performances of the expander, as well as the computation of
198 6. Expander device: theory and design
Figure 6.24: Percentage of work done during exhaust phase in
the configuration 3 at 1500 rpm for several values of the exhaust
valve opening advance, evaluated with respect to the exhaust
work without advance [119]
.
losses due to friction, mechanical parts, leakages and thermal
exchanges.
In the literature, several studies involving mechanical losses in
Wankel devices, such as engine or compressor, were published;
Danieli et al. in [120]-[122] presented a series of studies to model
the combustion in a Wankel engine, while in [123] a numerical
code to predict the performance of a Wankel engine was pro-
posed.
In particular, an important aspect shown by Wankel device is
the importance of leakages between operating chambers due to
the dynamic of apex seals as well as friction losses; for this rea-
son several papers ([125]-[132]) were published.
However, in the literature some authors investigated the per-
formance of a Wankel compressor as published in [133]-[134],
while Whang and Zang described the factors that affected the
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Figure 6.25: Effects due to different values of the exhaust valve
advance with configuration 3, [119]
miniaturization of a meso scale Wankel compressor in [135].
6.0.7 Numerical modelling
A numerical lumped-parameter model was developed in MAT-
LAB R©to evaluate the performances of the expander in differ-
ent operating conditions, by means the evaluation of several
losses involved in thermal heat exchanges, mechanical aspects
and fluid-dynamic phenomena. Steady state conditions were
200 6. Expander device: theory and design
Figure 6.26: Brake torque as a function of speed and configura-
tion, [119]
considered because the expander was designed for steady state
working condition.
The modeling was based on the analysis of only one of the three
operating chambers because it was possible to obtain the quan-
tity for other chambers considering the periodic behavior of the
device.
The model could simulate the employ of a real gas as well as
steam by means the introduction of REFPROP R©database in the
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code. Due to the chemical properties of the operating fluid, the
effects due to lubrication were neglected in the code because of
sake of simplicity.
The solving algorithm to predict the performances of the ex-
pander was based on the calculation of the pressure chamber
during a thermodynamic cycle that was employed to determi-
nate the loads acting on seals apex as well mechanical parts for
each angular position; however an initialization, that was ob-
tained simulating an ideal cycle, was needed to start the algo-
rithm. The thermodynamic cycle was developed in the code
considering mass and energy balance that were discretized con-
sidering a time step defined as:
∆t =
∆α
2pi · n/60 (6.12)
in which ∆α was the rotor angular position discretization; in
this way the discretization was related to the angular speed of
the mechanical shaft.
A version of the semi-implicit Euler method in the predictor-
corrector, expressed by form 6.13, was used to perform the cal-
culations because an explicit iterative method was unsuccessful
in finding the correct solution.

y(t+ ∆t) = y(t) + ∆y(t) predictor step
y(t+ ∆t) = y(t) +
∆y(t) + ∆y(t+ ∆t)
2
corrector step
(6.13)
Particularly, in 6.13, y was the vector of the thermodynamic
properties and ∆y was the increase evaluated both at time t and
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t+ ∆t that was calculated on the basis of the estimate provided
by the predictor. This procedure was chosen as a good compro-
mise between stability and computational effort.
6.0.8 Mass balance
The chamber a mass balance was written as:
ma(t+∆t) = ma(t)+∆t·(m˙in+m˙out+m˙ba+m˙ca+m˙ext) (6.14)
with the subscripts representing the mass flows coming from
the outside of the domain such as intake, exhaust, b and c cham-
bers and the external environment, respectively. The calcula-
tion of the mass flow was modeled as dimensional adiabatic
isentropic steady flow theory considering a simple duct crossed
by a perfect gas; in case of two-phase flow the fluid properties
were quality-averaged. The assumption was possible even if a
real gas or a saturated steam were simulated because of the low
pressure drop through the valves. The generic mass flow m˙was
calculated as:
m˙ = ρd2 · c2 · Ωeff = ρd1,iso · c∗1,iso · Ωeff · Φ (6.15)
where the subscripts 1,s and 2 indicated the thermodynamic val-
ues of the volume at high pressure in stagnation condition and
at low pressure, respectively, while c∗ is the adiabatic characteris-
tic speed
c∗ =
√
dp
dρd
=
√
k · p
ρd
(6.16)
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In particular the quantity Φ represents the compressibility fac-
tor:
Φ =
√√√√ 2
k − 1 ·
[(
p2
p1,iso
) 2
k
−
(
p2
p1,iso
) k+1
k
]
(6.17)
If the choking condition
p2
p1,iso
<
(
2
k + 1
) k
k−1
(6.18)
was satisfied, the mass flow was given by
m˙ = ρd1,iso · c∗1,iso · Ωeff ·
(
2
k + 1
) k+1
2·(k−1)
(6.19)
The effective cross-section Ωeff was calculated in different ways
depending on the operating conditions; as a matter of fact, for
intake and exhaust flows, the duct cross-section was multiplied
by the value of instant discharge coefficient; as further it was
necessary to introduce a time-constant term to model possible
leakages that occurred through the rotary valve clearance.
The trend of discharge coefficient were those obtained in [119].
The modeling of the external leakages was performed by means
of an equivalent cross-section that was proportional to the cham-
ber perimeter length. As described in Figure6.22 internal leak-
ages appeared when the apex seals lost their contacts with the
stator wall, or when they were in front of intake and exhaust
ducts. In both cases it was assumed that the effective cross-
section was proportional to the stator depth multiplied by a
quantity that represented the average distance between apex
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seal and stator wall; however a correction factor was introduced
to distinguish the effect due to the passage in front of a duct
from a simple loss of contact. In this context the values of sev-
eral areas were only estimated as order of magnitude, because
of difficulty to obtain the effective sections.
6.0.9 Energy balance
The energy balance was implemented in the enthalpy form
that allowed to save computing time:
H(t+∆t) = H(t)+V (t)·[p(t+ ∆t)− p(t)]+∆t·
Q˙(t) +∑
j
m˙j · hj

(6.20)
The v · ∆p term was added only in the corrector step because
it required an estimate of p(t + ∆t), while Q˙ represented the
total heat exchange between the chamber and the external en-
vironment. The thermal heat losses of the operating chamber
were calculated by means empirical correlations available in
literature ([135]-[140]),based on an original idea proposed by
Woschni in [136],that considered a forced convection flow over
a flat plate with a correction factor to take into account an in-
crease of gas velocity due to combustion. Atesmen [141] pro-
posed an approach based on the Dittus-Boelter equation for tur-
bulent flow in circular pipes that was characterized by an ac-
ceptable agreement with other correlations.
In this model, following other studies conducted on other de-
vices such as [142] and [143], a correction factor was considered
to take into account the curved geometry of the operative cham-
ber that was assumed as a curved pipe with rectangular cross-
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section.Nu = 0.023 ·Re
0.8
Dh
· Pr0.4 ·
[
1 + 1.77 ·
(
Dh
raverage
)]
hint = Nu · kfluidDh
(6.21)
whereDh and raverage were the hydraulic diameter and the cur-
vature radius of the chamber, respectively; moreover the char-
acteristic fluid velocity was assumed as the average speed of the
two apex seals that delimited the operative chamber.
Employing the steady state electrical analogy, it was possible
to obtain the global heat transfer coefficients between the stator
lateral surface (l) and the covering plates (p):
Ul =
1
1
hint
+
ssl
ks
+
sil
kl
+
1
hext
Us =
1
1
hint
+
ssp
ks
+
sip
kl
+
1
hext
(6.22)
with ss, si, ks and ki that indicated the stator case and insula-
tion thickness and thermal conductivities, while hext was the
convective heat transfer coefficient with the external environ-
ment.
The total heat exchange was obtained as
Q˙(t) = [Ul(t) ·Al(t) + 2 · Up(t) ·Ap(t)] · [T (t)− Text] (6.23)
where Al and Ap were instantaneous lateral and top/bottom
chamber surfaces. The solutions of a mass balance and of an
energy balance allowed to calculate for each angular position
the mass trapped in the chamber and the associated enthalpy
as well as the volume of chamber; these quantities allowed to
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calculate the pressure and temperature by means of the REF-
PROP R©database that provided the indicated cycle. Furthermore
the cycles for the other two chambers b and c were obtained as:
yb(α) = ya(α+ 120
◦)
yc(α) = ya(α+ 240
◦) = ya(α+ 60◦)
(6.24)
in which y was a generic properties.
6.0.10 Analysis of the dynamic of the several parts
of the expander
The expander was treated as an assembly constituted by dif-
ferent parts that were treated as rigid body; as a consequence
the use of Newton’s laws (Eq. 6.25) allowed the calculation of
the unknown forces and moments that acted on each part.
∑ ~Fext + ~Finertia = 0
∑ ~Mext + ~Minertia = 0
(6.25)
In particular, the friction loss on each bearing was evaluated
by means the following formula available in the web site of the
manufacturer [139]:
Mfrict,bearing = fbearing ·
√
P 2x + P
2
y + P
2
z ·Rbearing (6.26)
6.0.11 Sealing system dynamics
In a rotary device, the sealing system and relative behaviour
affects the performances because in terms of friction losses and
leakage flows. In this research an analysis of the sealing el-
ements was developed to simulate the indicated cycle of the
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Wankel expander.
The sealing system of a commercial Wankel engine in Figure6.27
is constituted by three apex seals and six side seals that iso-
late each operating chamber. Each seal is then pushed against
the stator by means of spring whose preload was calculated by
means a deformation analysis highlighting an acceptable agree-
ment with values available in the literature and reported in [131].
For a conservative assumption, the presence of a lubricant film
Figure 6.27: Wankel expander prototype sealing system from
[113].
to reduce the friction losses, was neglected; however the work-
ing conditions were insured by the lubricating property of the
working fluid or by the injection of grease during periodic main-
tenance. The analysis of the apex seals and their role in the cal-
culation of friction losses was obtained considering the same
assumptions that were made to study the same problem in the
Wankel engine ([125]-[132])because in literature no studies were
carried out to investigate the behavior of apex seals in a Wankel
expander. Matsuura et al. in [128]-[130], modelled the dynamic
of apex seal considering the translational equilibrium taking
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into account a separation of the apex from the stator; moreover
Knoll in [131] described the configurations in which the apex
lost the contact with the stator as reported in Figure 6.28. More
detailed models were provided by Bartrand and Willis [124]
that introduced a static friction force, while Warren-Rose and
Yang [127] predicted the position of the apex seal in its housing
considering the pressure difference across the seal. An useful
relation between the seal motion and the contact with the sta-
tor case was provided in [132] that introduced a threshold be-
tween the direction of contact force and center line of the seal;
higher values than that of threshold allowed a translation of the
seal. The apex seal model, that was introduced in this research
Figure 6.28: Positions of the apex seal during a lost of contact,
from [113]: an acceleration towards the center of the rotor (left),
a transversal motion with a change in the side contact (middle)
and a rotation inside the housing (rigth
to study the friction losses in the expander, was obtained con-
sidering the solutions proposed in literature. In particular the
following assumptions were made:
• The theoretical seal section shape employed in the pro-
totype was composed by a rectangular body and a semi-
circular head as reported in Figure 6.29; : all geometrical
properties will be referred to this geometry;
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Figure 6.29: Apex seal geometry of the Wankel expander, [113].
• The pressures acting on the seal belonged to operating
chambers separated by the apex seal;
• The centerline of the seal coincided with the centerline of
the housing because of the negligible value of the transver-
sal clearance between the seal and the housing;
• The inertia forces due to the motion of rotor were located
in the center of mass of the seal;
• The relative acceleration of the seal with respect to the ro-
tor was neglected because of the small distance between
the top of apex and the stator; as consequence the seal
could move with constant velocity or remain in a fixed
position;
• No friction forces between the seal an the stator covering
plates were considered;
• The mass of spring was a negligible value; however, it
could be modeled by considering an heavier seal.
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• The force due to the spring was constant during rotation
because the displacement of the seal with respect to the
housing was so small that it did not modify the initial
preload;
• A simple stick-slip motion of the seal was added to model
the behavior of the contact between the seal and its hous-
ing, that was determined by static and constant-speed dy-
namic friction.
Under these assumptions it was possible to establish the motion
of the apex seal, and thus also the forces acting on it by the use
of Newton’s second law.
The analysis was developed considering two secondary frames
of reference in Figure 6.30, located in the center of mass of the
apex seal: the first one, τs − ρs, was obtained considering the
geometry, as its ρs axis passes through the rotor centerO′, while
the latter, τv − ρv , was velocity-based, since its τv axis had the
same direction of the apex seal velocity vector.
The relation between the positions of the two previous reference
frames, was defined by the angle ξ that was referred to ρs and
it was calculated as:
ξ =

arccos
(−−→
OA·−−→CvA
)
∣∣∣−−→OA∣∣∣·∣∣∣−−→CvA∣∣∣ 90◦ ≤ α ≤ 180◦ and 270◦ ≤ α ≤ 360◦
− arccos
(−−→
OA·−−→CvA
)
∣∣∣−−→OA∣∣∣·∣∣∣−−→CvA∣∣∣ 0◦ ≤ α ≤ 90◦ and 180◦ ≤ α ≤ 270◦
(6.27)
A generic position of the apex seal was determined with re-
spect to the instantaneous velocity center of the rotor Cv using
the following relation:
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Figure 6.30: Frames of reference for apex seal analysis in which
the angle ξ between ρv and ρs is negative, because it is referred
to ρs, [113].
−−→
CvA =
−−−→
CvO
′ +
−−→
O′A = −3 · e ·
[
cos (3α)
sin (3α)
]
+R ·
[
cos (α)
sin (α)
]
(6.28)
Then, the apex seal velocity and acceleration were calculated as
−→vA = α˙ · kˆ ∧ −−→CvA = α˙ ·
(
3 · e ·
[
sin (3α)
− cos (3α)
]
+R ·
[
− sin (α)
cos (α)
])
−→aA = −→aO′ − α˙2 ·
−−→
O′A = −9 · α˙2 · e ·
[
− cos (3α)
− sin (3α)
]
− α˙2 ·R ·
[
cos (α)
sin (α)
]
(6.29)
Expressing all forces in a single reference frame such as the
τs − ρs, it was possibile to solve the apex seal equilibrium by
means the Newton’s second law. Particularly, four possible situ-
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ations were analyzed depending on the contact side and the rel-
ative contact between the apex seal and the housing, that could
be described by static or dynamic friction; as a consequence sev-
eral systems of equilibrium equations were introduced even if
in the following lines only the right contact side systems are
presented for the sake of brevity. In [127], a two-side contact
represented in Figure 6.31 was also considered to model the ef-
fect of a rotation, but in this research this configuration was not
analyzed because it was assumed unstable under the effect of
the pressure and thus it was assumed that it was maintained
only for a few angular positions. In Figure 6.32 the free body
diagram of the apex seal, that was considered for the analysis,
is shown.
Figure 6.31: Apex seal double-side contact configuration, from
[113].
In the free body diagram, it was assumed for simplicity that
the traction between the housing and the apex side could be
modeled by a single force located at the midpoint of the con-
tact side; the same idea was applied to the contact with the
stator. On the other hand, the pressure due to the operating
fluid was modeled as a traction to obtain a realistic formula-
tion.The solution of the equilibrium of the seal, that was treated
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Figure 6.32: Apex seal free body diagram in static friction con-
ditions with ξ < 0, from [113].
as a rigid body, provided the values of the unknown quantities
such as the forces that represented the interaction between the
seal and its housing and the stator surface. In the dynamic fric-
tion case the equilibrium was calculated to obtain the values of
the contact forces as well as the length of the arm of the forceN .
The previous systems were also written for a left contact of the
seal and thus four systems were obtained. Nevertheless, during
the solution process, more systems were simultaneously solved
for some angular position, and so a further checks were neces-
sary to find the suitable configuration. Particularly, the solution
checks were based on the following assumptions:
• as suggested in [132], the apex seal shifted from static to
dynamic friction when an user-defined threshold value of
ξ was exceeded or when the maximum static friction force,
expressed by µsN , was overcome;
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• in the case that resulted N ≤ 0 or Fc ≤ 0, the configu-
ration was unacceptable because the contact between sur-
faces was due to compression, as shown in the free body
diagram
• when the dynamic friction was considered,the solution
was unacceptable when y exceeded the interval represent-
ing the contact side zone and the apex seal rotated inside
the housing;
• If after these previous checks two different configurations
were still possible , the effective side was chosen on the
basis of the sign of the pressure difference between across
the apex seal, as suggested in reference [127].
• in the case in which none acceptable solution was pro-
vided, it was assumed that the apex seal lost the contact
with the stator and thus a leakage flow occurred.
• when a change between two acceptable solutions for two
contiguous angular positions was verified, then a discon-
tinuity of the forces acting on the apex seal was assumed
and so another leakage flow was generated.
In this way, the algorithm was repeated for every angular po-
sition allowing to solve the free body diagram of the seal and
to identify the angular position in which a leakage of the oper-
ating chamber happened; this last information was employed
in the calculation of the indicated cycle. Because of the itera-
tive process, the computing was stopped when the condition
|p(180◦) − p(0◦)| ≤ ∆pmin was satisfied, or when a maximum
number of iterations niter was reached.
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Side seal model
The numerical model considered also the side seal to obtain
a more realistic evaluation of the friction power. Each side of
the rotor contains three seal elements, one per side per cham-
ber, and in total six elements are present. However several as-
sumptions were made to allow the calculation and to obtain an
acceptable description of the real case:
• the seal was modeled as a beam because of its geometry;
• a rectangular cross-section and a length equal to the side
of the triangular rotor was assumed for the element of
each chamber;
• the static friction between the seal and its housing was
considered, because no relative motion of the seal is in-
vestigated;
• the pressure acting on the seal was the same that is acting
in the chamber;
• the only forces acting on the seal were those that acted
perpendicular to the lengthwise of the seal, such as spring
force, contact force and static friction;
• spring force was modeled as an uniform load;
• the interaction between the seal and the plates was obvi-
ously modeled by means a dynamic friction force;
• inertia forces were neglected.
However the loads acting on the seal were not constant along
the lengthwise direction as demonstrated by different directions
as well as different magnitude of the velocity vectors of the ex-
treme points of the seal. As a consequence a discretization of
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Figure 6.33: Side seal with employed reference frame, from
[113].
the seal was needed to consider the variation of direction of the
friction force as well as the velocity.
The analyzed situation and the free body diagram for a generic
section of the side seal are represented in Figure 6.34 .
In this way it was necessary to introduce in the solving sys-
tem of the equilibrium the total effect due to several elements in
which the seal was divided.
6.0.12 Mechanical losses
The mechanical components employed in the device to al-
low the working operation such as belts, pulleys, bearings and
the static pinion, represented also additional mechanical losses
that consumed useful power.
The calculation of these losses required the values of forces ex-
changed between several parts of the device that were obtained
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Figure 6.34: Geometry on the left and free body diagram on
the right for a generic section of the side seal in the reference
system, ψ ρ from [113].
considering the equilibrium of the several components of the
expander. In this way, the main assumptions were made for all
parts of the expander:
• the investigated parts were modeled as rigid body;
• the tractions that acted on small surfaces were modeled as
single force for sake of simplicity;
• the investigated part was stylized to allow a geometrical
schematization to make possible a mathematical model-
ing;
• the unknown quantities were determined for each angu-
lar position.
Rotor bearing losses
The rotor bearing friction exchanged between the rotor and
the eccentric shaft was estimated solving the equilibrium of the
rotor with the sealing systems by means the system 6.25 in which
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Figure 6.35: Rotor free body diagram in which only the forces
acting on the vertex A apex seal and a chamber side are repre-
sented because of clarity, from [113].
the friction moment of the rotor bearing (Eq. 6.26) was intro-
duced.
The obtained solving system was a non linear system, because
of the presence of the term Eq.6.26; as consequence a Newton-
Raphson algorithm available in MATLAB R©was employed for
the solution. As result, the unknown quantity such as the com-
ponents of the force of the rotor bearing as well as the force
between the rotor and the stator gear were determined.
Valve shafts losses
In the analyzed version of the expander the rotating valves
were equipped with two bearings as well as the relative shafts;
the shaft and the valve were then linked by an Oldham cou-
pling. For the sake of simplicity of modeling, the only one load
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Figure 6.36: Free body diagram of the shaft and the valve.
exerted by the operating fluid on the valve was the pressure,
while the variation of momentum of the inflow and the out-
flow, was neglected; however also the pressure due to leakage
was neglected because of a too detailed modeling.
The system of equations 6.25 was employed for the calcula-
tion of the unknown quantities that were the components of the
forces acting on each bearing of the shaft as well as of valve and
the variation of the stress of the belt. In the equilibrium of the
valve and the driving shaft the presence of a friction bearings
was evaluated by means Eq.6.26, while the stresses due to belt
were modeled by means of the following relation:
Ttight
Tslack
=
T0 + ∆T
T0 −∆T = e
fbtθfrict (6.30)
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in which T0 was the a pre-load of the belt, θc was the contact
angle between pulley and belt and θfrict was the friction angle.
After solving the equilibrium of the assembly consisting in the
driving shaft and valve, it was necessary to check that θfrict was
lower than θc.
Main shaft losses
The main mechanical losses that were due to main shaft were
due to the timing belt and the bearings. In particular, the losses
due to belts were calculated by means the introduction of an ef-
ficiency (typical values are 0.94÷ 0.96) to increase the values of
forces that were obtained in the previous analysis of shafts for
the drive of rotating valves.
The solution of the equilibrium of the main shaft allowed to cal-
culate the losses of the bearings and then the friction losses of
the bearings, as reported in [139]. In the free body diagram of
the shaft, the presence of flywheels was considered in the me-
chanical balance.
Moreover, the loss due to the pinion was calculated introduc-
ing an efficiency of the gearing allowing a simplification of the
numerical model.
6.0.13 Numerical results
The numerical model was simulated to analyze the previ-
ous experimental tests reported in 6.0.6; in particular the nu-
merical model was set by means of the values of the discharge
coefficient of the valves of the configuration 3 and imposing an
operating pressure of 5 bar . After, the simulations considered
three different values of rotating speeds (500-1000-1500 rpm),
to obtain the indicated cycles as well as the values of friction
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Figure 6.37: Free body diagram of the main shaft.
losses and ancillary losses. In the following Figures 6.38 6.39
6.40, a comparison between numerical and experimental results
is shown, highlighting an acceptable validity of the numerical
model in terms of the shape of the cycle. The results were
then compared to the experimental values, that were measured
at mechanical test bench, in terms of volumetric flow rate and
mechanical torque. A comparison showed an acceptable trend
for the mechanical torque, mechanical power and volume flow
rate as presented in Figures 6.42, 6.41 and 6.43; the maximum
percentage change was about 12% for the volumetric flow rate,
while a value of 4% was obtained for the mechanical torque and
then for the mechanical power.
On the basis of these considerations, the numerical model was
then retained satisfactory to predict the values of several losses
as well as the efficiency of the device.
As shown in Figure 6.45, a quasi-linear trend was obtained for
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Figure 6.38: Comparison between the numerical model and
configuration 3 for a rotating speed of 500 rpm.
the mechanical losses such as main shaft bearings, rotor bear-
ing, friction and ancillary losses considered as the sum of the
losses due to pinion engagement and driving belts; on the other
hand the thermal losses were assumed negligible with respect
to the other losses. In particular, friction losses were character-
ized by the highest slope and highest values with the increase
of the rotating speed. In particular, Figure 6.46 shows the trend
of several percentage losses evaluated respect to the mechanical
power. As a result, the friction percentage losses were the most
influenced by the effect of rotating speed, as highlighted by a
change from 30% to 42%, while a small influence was shown
for the shaft bearings losses that increased from 18.8% to 21.7%.
On the other hand the ancillary losses as well as rotary bearing
loss were practically constant with the increase of the rotating
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Figure 6.39: Comparison between the numerical model and
configuration 3 for a rotating speed of 1000 rpm.
speed.
In the end the calculated values of the total, isentropic and me-
chanical efficiencies were reported in Figure 6.47 as a function
of the rotating speed. As a result, a maximum value of 0.87 was
found for the isentropic efficiency at 1250 rpm even if the effect
due to the low value of mechanical efficiency reduced the value
of the total efficiency up to 0.65. On the other hand, the low-
est values were obtained at 500 rpm in which the isentropic and
the total efficiencies were 0.59 and 0.45, respectively. However,
these values were considered acceptable because the expander
described in the research was a prototype and so further im-
provements are still possible; as a matter of fact, a reduction of
the friction of the bearings as well as the use of different mate-
rial for the seals could be increase the value of the mechanical
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Figure 6.40: Comparison between the numerical model and
configuration 3 for a rotating speed of 1500 rpm.
efficiencies as suggested by the numerical model. However lit-
erature values of the isentropic efficiency, measured in the same
outlet power range, show the same order of magnitude as those
obtained in this research . In particular, several tests reported
in [8] and in [144], investigated the performances of different
expander devices using several working fluids. As a general re-
sult, it was found that the vane expanders show typical values
of the isentropic efficiency between 0.57 and 0.71 for an output
power from few Watt up to 2.2 kW ,while the isentropic effi-
ciency of screw expanders is 0.27 for an output power of 4 kW .
Experimental studies about piston expanders [8] provided an
isentropic efficiency between 0.2-0.45 with an output power in
the range 200-1100 W , while the scroll devices can be character-
ized by an isentropic efficiency from 0.3 up to 0.7 for values of
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Figure 6.41: Comparison between values of mechanical torque
for the numerical model with experimental values.
the output power between 1-3kW .
The introduction of other different working fluids in the inves-
tigated Wankel prototype may affect the performance of the de-
vice because of the different thermophysical properties of the
fluid, even if it is expected that the prevailing effect may be
due to the value of the specific volume [2], while other prop-
erties such as viscosity may play a minor role. As a matter of
fact, if the value of the ratio between specific volume at the end
of admission to the specific volume at the end of expansion is
different from the value of expansion ratio of the device, over
expansion or under expansion losses can occur.
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Figure 6.42: Comparison between values of mechanical power
for the numerical model with experimental values.
6.0.14 Conclusions
In this section a Wankel expander, obtained from a Wankel
engine, was built at University of Pisa. Several tests based on
the compressed air were conducted to evaluate the influence on
the cycle performances due to the shape of rotating valves. As
result, it was obtained that a high value of the discharge flow
allowed to improve the performances of the device in terms of
mechanical torque and that a better mechanical finishing of the
valves, in term of clearances, reduced the fluid consumptions.
Moreover, the influence of the opening advance was also inves-
tigated and a suitable range of values was found to reduce the
exhaust work.
These considerations suggested the necessity to introduce a nu-
merical model of the expander that was validated considering
the experimental results for three different rotating speeds. The
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Figure 6.43: Comparison between the values of volumetric flow
rate obtained in the numerical model with respective values
provided by the experimental test.
numerical model allowed the evaluation of several mechanical
losses, as well as the isentropic efficiency. It was found that the
maximum value of the isentropic efficiency was 0.87 for a rotat-
ing speed of 1250 rpm; on the other hand, the minimum value
was about 0.59 at 500 rpm. Moreover the numerical model high-
lighted that the friction was the loss that was strongly influ-
enced by rotating speed in terms of value and slope, while small
variations were found for the other losses.
It was also shown that the percentage losses due to friction with
respect to the obtained mechanical power was the most sensi-
tive with rotating speed if compared with the other terms, such
as bearing and ancillary losses.
In conclusion, this research allowed to fill the gap about the
analysis of a Wankel expander highlighting the influence of valves
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Figure 6.44: Percentage change of numerical results with respect
to the experimental results.
on the performances measured at dynamic test bench and eval-
uating the contribution of several losses due to mechanical com-
ponents employed in the device.
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Figure 6.45: Trend of the mechanical losses due to friction, shaft
bearings and rotor bearing as a function of rotating speed.
Figure 6.46: Percentage ratio of several losses to mechanical
power for several rotating speeds.
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Figure 6.47: Trend of several efficiencies.
Chapter 7
General Conclusions
The main aim of the dissertation was the design of the ener-
getic components for thermodynamic micro-generation appli-
cations based on solar energy and ORC technology. A bibli-
ography research was developed to investigate the state of the
art with particular emphasis on the collection of solar energy
as well as the expansion of the working fluid. As a result, the
research suggested to investigate components characterized by
a literature gap with respect to other technologies, such as a
compound parabolic collector with evacuated pipe for the col-
lection of solar energy and a Wankel expander for the produc-
tion of mechanical energy. Nevertheless, both devices may also
be employed in other different applications: the CPC may be
employed for solar cooling, solar heating, desalination and wa-
ter treatment, while the expander may be employed in other
thermodynamic cycles based on the exploiting of other sources,
such as waste heat recovery, biomasses and geothermal energy.
The dissertation was developed in two almost independent parts
to allow a clear analysis for both devices that required simi-
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lar methodologies; however the main results showed that sev-
eral improvements were possible for both components entailing
also a reduction of manufacturing costs.
In particular the development of a lumped parameter model of
a CPC with evacuated pipe allowed to simulate the dynamic
of a solar field in different operating conditions. The lumped
parameter model was also employed to simulate the behavior
of a real CPC with an evacuated pipe that was built to perform
experimental tests. After, a series of CFD studies of the CPC
without evacuated pipe provided general correlations to eval-
uate thermal losses of the receiver. Moreover, it was found for
solar collectors that an appropriate arrangement of concentra-
tors in a panel improved the global efficiency, while the intro-
duction of an inner glass allowed to obtain better performances
at low-medium temperatures than commercial CPC with evac-
uated pipe.
On the other hand, an investigation on the expander showed
that an increase of the performance were possible by means an
improvement of the values of the discharge coefficient of the ro-
tating valves as well as the introduction of an appropriate value
of the opening advance. Moreover the introduction of a nu-
merical model of the expander, validated by means of experi-
mental tests, highlighted the possibility to obtain a competitive
value for the isentropic efficiency. In particular the numerical
model allowed to evaluate losses due to mechanical parts, bear-
ings and apex seals highlighting that friction of the seals was
the highest term.
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